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thank you for your constant support, patience and knowledge you

shared with me.

I would like to extend my thanks to my fellow students in the

Leeds Astrophysics group for creating a friendly environment. In

particular, thanks to James Miley and Miguel Vioque for the useful

discussions. I thank Chumpon Wichittanakom who has greatly

helped in my studies.

Important special thanks to my parents for always being there

for me, motivating me and supporting me, both emotionally and

financially. Without your love and encouragement I wouldn’t reach

this far.

Thank you.



Abstract

The thesis presents the spectroscopic study of the stellar parame-

ters, accretion rates and IR excess of Herbig Ae/Be stars. The discs

around solar mass stars are expected to evolve differently compared

to those around intermediate-mass stars because the stars evolve

differently. However, more complete samples of young pre-main

sequence stars are not present in literature to quantify the differ-

ences. Most current studies in the stellar range of intermediate-

mass focuses on the Herbig Ae population, a limited subset of

5-10 Myr old intermediate-mass stars already close to the main se-

quence. Hence, in this work an unbiased sample of young stars (<5

Myr) in the intermediate-mass range, 1.5-3.5 M⊙ are selected to be

studied. I use the spectra, optical photometric data and Pre-Main

Sequence Evolutionary Tracks to find the parameters like effec-

tive temperature, surface gravity, extinction, distance, luminosity,

radius, mass and age.

The lines present in the spectra are observed to be correlated with

accretion luminosity and the accretion rates are determined. The

young nature of the stars are confirmed when they are placed on the

HR diagram. It is seen that the younger stars have higher accretion

rates compared to the older ones, implying that the accretion rates

of the stars decreases as the stars approach the main sequence.

This indicates that the accretion rate is an evolutionary property of

the Herbig stars. Also, high accretors have significant IR excesses

indicating that when discs are young, the stars are young and they

have high accretion rates and more excesses; in my sample stars as

young as 3 Myr, beyond 3 Myr there is no significant excess and

also the accretion rates are low.



Abbreviations

2MASS 2 Micron All Sky Survey

CTTs Classical T Tauri stars

ESO European Southern Observatory

EW Equivalent Width

FUV Far Ultra-Violet

GMC Giant Molecular Cloud

HAe Herbig Ae

HAeBe Herbig Ae/Be

HBe Herbig Be

HR Hertzsprung-Russell

IR Infrared

IRAF Image Reduction and Analysis Facility

MA Magnetospheric Accretion

MK Morgan-Keenan

MS Main Sequence

NIR Near Infrared

PMS Pre-Main Sequence
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SED Spectral Energy Distribution

SNR Signal-to-Noise Ratio

UV Ultra-Violet

UVB Ultra-Violet and Blue

VIS Visible

WISE Wide-field Infrared Survey Explorer

YSO Young Stellar Object
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Chapter 1

Introduction

Star formation is a very complex process which has occurred countless number

of times in the past and is still occurring now. It is important to understand

this process to understand the properties of stars and that of the discs around

them. This chapter provides a overview of how stars are formed from the giant

molecular clouds, and about the protoplanetary disks around them.

1.1 Star formation

Star formation occurs in the clouds of gas in the interstellar medium, called

the Giant Molecular Clouds(GMCs). Understanding of GMCs is necessary to

understand the process of star formation, as their properties govern the type

of stars formed within them. GMCs mainly comprises of molecular hydrogen

[Carruthers, 1970], which is not easy to detect due to the absence of emission

lines in the radio band and absence of dipole moment [Solomon et al., 1987].

Helium atoms and small amount of other gases and dust are also present in

the GMCs. These dust particles absorb all wavelengths shorter than their

diameters (∼ 0.1 µm) and re-radiate it in the infrared region. The mass of

a GMC ranges from 104 to 107 solar masses, with surface mass density of
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about 170 M⊙pc
−2 (Solomon et al. [1979]; Solomon et al. [1987]). They are

about 15 - 600 light years in diameter and are very cold with temperatures

ranging between 5 - 15K. The largest GMCs are usually present in the very

dense regions of the galaxy, while the smaller molecular clouds, called the Bok

Globules, are located in the less dense regions [Heyer et al., 2001].

GMCs are the largest cohesive bodies in the galaxies and almost all are pro-

ducing stars. They consist of filaments and cores within them [Fairlamb et al.,

2015]. According to Chira [2018] filaments are made up of gas and dust at

high densities. Their length ranges from 1-10pc [Jackson et al., 2010] and are

found all through the cold interstellar medium [André et al., 2010].

Cores are regions of dense gas within a molecular cloud which may or may

not be associated with a protostellar object [Polychroni et al., 2013]. The core

with no star associated is called a prestellar core, which will collapse and form

a star, and a protostellar core is when the star has a protostar formed within

it [André et al., 2014].

The dense cores are formed when the filament collapses after reaching its crit-

ical density [Molinari et al., 2010]. These dense cores are the potential sites of

star formation. Stars are formed when these dense cores become gravitation-

ally unstable and collapses [Klessen et al., 2000]. The Jeans mass expression

also gives us an understanding of the gravitational stability. Jeans mass is the

mass required for a molecular cloud to undergo gravitational collapse. The

expression is given by,

MJeans =

(

5kbT

GµmH

)
3

2

(

3

4πρ

)
1

2

where MJeans is the Jeans mass, kb is the Boltzmann constant, T is the tem-

perature, G is the Gravitational constant, mH is the mass of Hydrogen atom,

ρ is the density. Initially, the cloud is said to be in hydro-static equilibrium,

that is, the cloud remains stable due to the balance of the two forces - the

force of gravity acting inwards and the pressure acting outwards. When the

force of gravity is more than the outward pressure, gravity wins and the cloud
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will experience a collapse [Shu, 1977]. Since the force of gravity is directly

related to the mass of the body, higher mass suggests strong gravitational

force. When the mass of the cloud exceeds the Jeans mass, it will collapse.

The temperature of the collapsing material increases during the collapse due

to the release of gravitational potential energy.

Figure 1.1: An image showing the different stages during the star formation,
[Sahoo, 2016].

The cloud doesn’t collapse directly to radius = 0. During the initial stages of

the collapse, the cloud has a low density and the energy escapes very easily

without being absorbed. This phase is called an isothermal collapse as the

energy is radiated away. The GMC collapses into small collapsing pieces as

the Jeans mass increases due to the increase in the density. Also, as there is

an increase in the density the free fall time also falls resulting in an increase

in the speed of the collapse. Slowly during the collapse the material becomes

optically thick due to an increase in the density. Since no energy can escape,

there is an increase in the temperature resulting in an increase in the thermal

pressure. This phase is also known as adiabatic collapse. At this point the

collapse is ceased and a hydrostatic core is formed. The cloud begins to heat
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up as it absorbs all the energy of the collapse. The star at this stage is

called a protostar, which is still accumulating Hydrogen atoms. After this

stage, the material falling onto the core compresses the core which results

in an increase of the temperature within the core [Masunaga et al., 1998].

This increase in temperature causes dissociation of hydrogen, after which the

accretion of material onto the surface occurs by free fall and this phase is

called the accretion phase.

The rate at which the stars are accreting, accretion rates, is an important

parameter as it tells us how the stars are evolving over time. Accretion plays

as a source of energy for the emission lines and the UV excess observed in

their spectra (Garrison [1978], Donehew and Brittain [2011], Mendigut́ıa et al.

[2011]). The presence of emission lines in the spectra, especially at Hα tells

us that there is accretion of material from the disc onto the central star. It

is also seen that the accretion rates of the stars decreases as they evolve and

approach the main sequence [Manara et al., 2016].

During the star formation from the dense cores, the effects of rotation at the

dense core level results in larger than observed rotational velocities [Belloche,

2013]. One of the methods that results in conservation of angular momentum is

known as magnetic braking [Mouschovias and Paleologou, 1979]. This occurs

when there is an increase in local magnetic tension, due to the rotation of

the cloud, exerts a braking torque on the cloud. This torque reduces the

angular momentum [Nakano, 1989]. The angular momentum can be reduced

by another method through the process of accretion discs and outflows. Due

to the gravitational instabilities or turbulence, the momentum in the accretion

disc can be transferred to the outer part of the disc by torque [Pringle, 1981,

Balbus and Hawley, 1991]. On the other hand the outflows of T Tauri stars

are seen to be rotating, indicating that the angular momentum is dispersed

by the outflows [Bacciotti et al., 2002].

According to the recent observations the GMCs have found to have lifetimes

of about 10 to 55 million years [Jeffreson and Kruijssen, 2018]. When they

are viewed with an optical telescope, they appear dark as they usually do not

radiate their own light.
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A closest star-forming region is Taurus-Auriga. The region is about 1-2 Myr

[Pascucci et al., 2016] and is located at 140pc [Andrews et al., 2013]. This

is one of the nearest star-forming regions studied. It lacks the presence of

intermediate and high mass stars [Kenyon et al., 2008] but is known to be

efficiently forming low-mass star [Monin et al., 2010]. The cloud is about

104M⊙ and has over 350 known member, which are mainly low mass stellar

objects [Rodmann et al., 2006]. Located at around 140pc with a depth of 20pc

or more it spans a diameter of about 25 pc [Rodmann et al., 2006].

1.1.1 Herbig Ae/Be stars

Various type of stars fall into the classification of Young Stellar Objects (YSOs)

and they show different stages of evolution towards the main sequence. Class 0

protostars, where the SED peaks at sub-millimeter wavelengths, is the earliest

stage of the evolutionary phase [Andre et al., 1993]. Class 0 stars are known

to be associated with high density region [Sadavoy et al., 2014] and they have

strong molecular outflows [Bontemps et al., 1996], whereas that of Class I are

much weaker. Classical T Tauri stars and Herbig Ae/Be stars belong to Class

II. In this stage an IR excess can be observed, which arises from the disks

around them [Sargent and Beckwith, 1987]. These stars have a mass of about

0.1 - 2 M⊙. The final stage of evolution of stars before reaching the main

sequence is the Class III stage. The disk in this stage is mostly dispersed

away, hence resulting in a small amount of IR excess.

Herbig Ae/Be stars are Pre-Main Sequence (PMS) A-Type or earlier type

stars, first identified by Herbig [1960].They have masses intermediate to that

of T-Tauri stars and Massive Young Stellar Objects, which lies in the range

of 2 to 10 solar masses. This work focuses on the intermediate-mass Pre-main

sequence stars which lie in the mass range of 1.5 - 3.5 solar masses and younger

than 5Myr. Herbig stars meet the criteria: “spectral type A or earlier with

emission lines, lies in an obscured region, and the star illuminates a fairly

bright nebulosity in its immediate vicinity” ([Herbig, 1960][Oudmaijer et al.,

2017]) . The luminosities of these objects range from 10 to 103 Lsun and their

effective temperatures range from 6,000 - 10,000 K. These stars generally are
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accompanied by circumstellar disks, which are made of dust and gas, and an

IR excess can be observed which originates from the dust present around the

star [van den Ancker et al., 2000].

Based on this IR excess, the Herbig stars can be divided into two groups

[Meeus et al., 2001], Group I and Group II. The inner disks of the Group I

stars is assumed to be optically thick shielding the rest of the disk and the

disk emission can be modelled by a power law [van den Ancker et al., 2000].

On the other hand, in Group II, the inner disk is optically thin resulting in

a flared out disk as the outer disk is exposed to stellar radiation. In this

case, the resulting disk emission has an added black-body component [van

der Plas et al., 2009]. Group I Herbig stars are observed to have gaps in

their disks [Maaskant et al., 2013], which could show the beginning of disk

dispersal [Alexander et al., 2014]. Hollenbach et al. [1994] suggests that the

disk dispersal occurs mainly due to photo-evaporation. But it could also be

due to the clearing of the orbital planets [Dodson-Robinson and Salyk, 2011].

These stars are accreting mass from the inner regions of the disks around

them and their accretion rates can be measured. Within the theory of mag-

netospheric accretion (MA), the accretion rates can be determined from the

measured UV excess [Muzerolle et al., 2004]. But this theory couldn’t be ap-

plied to all Herbig stars as all Herbig stars don’t have strong magnetic fields.

However, only if the strength of the magnetic field of the central star is ad-

equate to truncate the material onto the star, MA can be applied to such

stars [Shu et al., 1994]. The context of MA is applicable to CTTs which have

magnetic fields of strengths of the order of 103 Gauss [Bouvier et al., 2007].

6



Figure 1.2: An image showing the different stages of evolution of YSOs towards
the main sequence, [Palla, 1996].

The PMS evolution phase for these kinds of stars is less than 10Myr [Bressan

et al., 2012]. The material of the disks around these stars gradually reduces

in quantity: most of it gets accreted on to the star and some is lost due

to photo-evaporation [Fairlamb et al., 2017]. During the PMS evolutionary

phase, the stars’ interior is too cold for the fusion reaction to occur and only
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gravitational energy is in action at this point; the fusion of hydrogen to form

helium occurs only when the star reaches the main sequence. Strom et al.

[1972] observed that the main sequence stars have higher surface gravities than

the Herbig stars. Surface gravity is the acceleration due to gravity experienced

by a hypothetical particle of negligible mass which is located very close to the

surface of the star. By calculating the surface gravities of the stars, we can

calculate their age, i.e., know their position on the HR diagram.

A number of work shows that the Herbig Ae stars are different from Herbig

Be stars, but are similar to T Tauri stars [Oudmaijer et al., 2017]. It was

found by Cauley and Johns-Krull [2015] that the absorption and emission line

properties are different for Herbig Ae and Herbig Be stars. T Tauri stars

and Herbig Ae stars were found to have similar linear spectropolarimetric

properties, but that of Herbig Be stars was found to be different because the

strength of magnetic fields is different in both Herbig Ae and Herbig Be stars

[Vink et al., 2005]. According to Järvinen et al. [2016], the magnetospheric

accretion causes spectroscopic variability in a Herbig Ae star.

Spectral classification plays an important role in the study of stars. In general,

PMS A-type stars have the effective temperature of 7,500 - 10,000K. The Mor-

gan - Keenan (MK) system subdivides these stars into ten classes of spectral

type, A0 to A9, A0 being the hottest and A9 the coolest. These stars have

strong Balmer lines accompanied by many faint to moderately strong metallic

lines, whose strength gradually increases from A0 to A9. Hydrogen has its

maximum strength at A2 and decreases from there.

The spectral type determination will help us gather information about the

total extinction due to the dust, the type of the star, and the components of

the dust. Many of the stars show large extinction due to the presence of dust

in the star formation region and the presence of significant amounts of dust in

the disk around the star [Palla and Stahler, 1994]. The spectra of these stars

show some peculiarities, like the excess emission in the infrared region provides

an evidence for the presence of the disks around them [Fairlamb et al., 2017],

and the presence of strong emission at hydrogen alpha lines shows that the

star is still accreting [Kraus et al., 2008]. The broadening of the absorption
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lines of the Herbig Ae stars yields the rotational speeds [van der Plas et al.,

2015].

1.1.2 Protoplanetary Disks

Almost every young star has a disk around it which is formed when the gas

and dust settles into a circumstellar orbit [Lin, 2019], during the gravitational

collapse of a molecular cloud [Williams and Cieza, 2011]. Most of their mass,

around 99%, is in the form of gas, mainly molecular hydrogen, and around 1%

is dust. The disk around young stars can have radius up to 1000 au [Panic,

2009]. The lifetime of such disks is generally around several million years

[Fedele et al., 2010]. During this time, apart from losing some material due to

accretion onto the star, some is lost through outflows and photo-evaporation,

and some condenses into planetesimals [Ercolano and Pascucci, 2017].

The presence of an excess emission in the IR confirms the presence of circum-

stellar material around the stars as the stars radiate mainly in the IR; though

the disk is made of cool dust and gas, some of the dust grains gain energy from

the star, at UV, and the disk radiates at IR ([Peretto et al., 2013][Greenwood

et al., 2019]). Through these observations we can measure properties like mass,

size, composition and structure. The disks have lifetimes which range from 1

to 10 Myr and they are found to dissipate faster around high mass stars than

solar mass stars, and much slower around very low mass stars [Williams and

Cieza, 2011].

During the initial stages of the collapse of the molecular cloud, the disk mass

does not increase as the material in the disk is rapidly funnelled onto the star.

There is continuous accretion onto the star due to the internal friction [Wiebe,

2018]. Gradually as the material is used up or is dispersed, due to accretion

onto the star or photoevaporation, the accretion is reduced, and some amount

of the material persists. As the radius of the collapsing cloud decreases, the ro-

tation speed is increased due to conservation of angular momentum [Williams

and Cieza, 2011]. The cloud gradually flattens by collapsing in the vertical

direction and gains the shape of the disk [Birnstiel et al., 2010].
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All disks do not follow the same evolutionary phase, though most of them

follow a similar path. The figure 1.3 shows the evolution of a typical disk.

During the initial stages of the evolution of the disks, it loses its material due

to accretion onto the star and photoevaporation of the outer disk by far-UV

by the star, hence losing its mass [Gorti et al., 2009]. The size of the disk is

limited to hundreds of AU due to the FUV driven photoevaporation. This is

represented in figure 1.3a.

This stage lasts for a few millions of years often manifests itself as a flared

disk. Figure 1.3b shows the next stage where the disk is flatter, when the

grains increase in their size and settle down on the plane of the disk. After

this stage, there is a decrease in the accretion onto the star as the outer disk

does not provide material to the inner regions of the disk. Since no material

is present in the inner regions of the disk, a hole is formed, which is about a

few au in size. Initially at this stage, the photoevaporation increases as the

photons from the star can penetrate through the inner regions of the disk, this

is shown in figure 1.3c. The last part the figure, 1.3d, shows the debris disk

formed, which has very low mass compared to the earlier mass of the disk.

The debris disk is formed after the photoevaporation of the remaining gas

after the previous stage. The radiation pressure removes the smaller grains

and only the large grains and planetesimals are left in the disk [Dullemond

and Dominik, 2005].

Planet formation occurs within the protoplanetary disks. Initially planetesi-

mals are formed which gives rise to small planets after millions of years. This

happens due to the accumulation of dust grains from the ISM. Gradually the

gas contents in the disk depletes when certain planets, like Jupiter and Sat-

urn, gathers gases from the disks to form thick atmospheres. Giant planets

are formed mostly around stars of mass 2MSun [Reffert et al., 2015]. The pro-

toplanetary disk slowly evolve and the evolution depends on the mass of the

star it is around [Gorti and Hollenbach, 2009]. The rate of evolution is higher

around high mass stars [Ribas et al., 2015].

Around old stars (> 3 M⊙), with age in the range > 10 million years, disks

have lost majority of the gas contents and such disks with dust are called debris

disks [Hughes et al., 2018]. Since the stars are very old and also that the dust
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Figure 1.3: The figure represents the evolution of a typical disk, [Williams and
Cieza, 2011].

has a shorter lifetime, the dust present in the debris disks is thought to be

formed from the collisions of the planetesimals present in the disk, signalling

that debris disks might be a later stage of the disk evolution.

1.2 Thesis Intentions

The introduction chapter was an overview of the star formation, Herbig stars

and the disks around them. This thesis deals with characterising a sample of

18 young Pre-Main Sequence (PMS) stars intermediate mass stars by follow-

ing a homogeneous approach to determine their temperature, surface gravity,

extinction, luminosity, mass, age and radius, and determining their accretion

rates by measuring the equivalent widths of the Hydrogen-alpha emission line

and also calculating the IR excesses for the stars.
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The Chapter 2 is concerned with the methods involved in determining the

stellar parameters. First, the temperature and surface gravity are determined

by fitting the spectra of the star with that of a model. Then using this

temperature the reddening and the scaling factor are determined. Once this is

known, the luminosity of the star can be calculated as the distance of the star

is known. Using the luminosity and the temperature in the Lionel-Siess PMS

evolutionary tracks, the mass, age and radius are determined. This part of

the work is very important as it forms the basis in determining the accretion

rates for the sample.

Chapter 3 focuses on accretion rate and IR excess determinations. The equiv-

alent widths of the Hydrogen-alpha emission line is used along with the de-

termined parameters in the previous chapter to determine the accretion rate.

The equivalent width is used to determine the line flux and the line luminosity

is calculated using this. Accretion luminosity is calculated and using this the

accretion rate is determined. This chapter also shows how various parameters

vary with the accretion rates. To determine the IR excess, the ratio of the

dereddened observed flux and photospheric flux values at K band is used.

Chapter 4 includes the additional targets from the archive for which the ac-

cretion rates were studied and it involves the discussion and comparison of the

results obtained with the existing studies on young Intermediate mass PMS

stars. Chapter 5 is the conclusion and future prospects.
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Chapter 2

Characterisation of the stars

2.1 Introduction

This thesis focuses on the study of Herbig Ae stars younger than 5Myr and

in the mass range 1.5-3.5 solar masses. The frequency of formation of giant

planets is the highest around stars of mass around 2M⊙ ([Reffert et al., 2013],

[Quirrenbach et al., 2015]), and around stars above 1.5M⊙ the orbits of giant

planets are larger than 1 au [Sato et al., 2008]. This gives us information

about the dispersal of the protoplanetary disc around the stars; giant planets

can only form and migrate in presence of dense gas ([Nelson and Papaloizou,

2004], [Papaloizou et al., 2004]). A hypothesis was stated by Kennedy &

Kenyon 2008 that faster clearing of the inner disc due to photoevaporation

around intermediate-mass stars might halt the migrating giant planets before

they reach smaller orbital distances and such planets are found around low

mass stars. This tells us that low mass and intermediate-mass stars evolve

differently on the pre-main sequence. Intermediate-mass stars are more lumi-

nous and their photoevaporation is driven by FUV photons, unlike X-rays in

case of low-mass stars [Gorti and Hollenbach, 2009]. The thermal and chemi-

cal evolution of the discs are also different due to the large luminosities [Panić

and Min, 2017]. The near-IR excess of the stars are studied to check the inner
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Figure 2.1: Figures showing Hα line of the targets HIP22112 (left) and
HIP30448 (right).

disc evolution around intermediate-mass stars. This work deals with measur-

ing the stellar parameters, mass accretion rates and IR-excess to check how

intermediate mass star evolves.

The sample was collected using the Tycho-GAIA Astrometric Solution cat-

alogue and Hipparcos catalogue, by keeping the declination between −78◦

and +30◦, and across all right ascension. First the stars with precise B and

V photometry were selected. Next only stars with measured excess levels

Ftotal/FmidIR ≥ 1 were considered. This limit corresponds to debris disc level

of excess at 20µm [Marino et al., 2017], and therefore we do not expect de-

tectable signatures of accretion with XShooter below this level. Further the

stars were selected based on their location on the HR diagram, keeping stars

which may have the young age of ≤ 5 Myr and in the mass range 1.5-3.5 M⊙.

There are studies in the literature about pre-main sequence stars to see how

the solar mass and intermediate-mass stars evolve. However, more complete

samples of young pre-main sequence stars are not present to quantify the dif-

ference as there is no unbiased statistical sample of pre-main sequence stars

in the intermediate-mass stellar range in the literature. Most current studies

in the stellar range of intermediate-mass focuses on the Herbig Ae population,

a limited subset of 5-10 Myr old intermediate-mass stars already close to the

main sequence. Hence, in this work an unbiased sample of young stars (<

5 Myr) in the intermediate-mass range, 1.5-3.5 M⊙ are studied. The UVB,

optical and near-IR spectra of about 200 pre-main sequence candidate stars

are obtained, out of which a subset of 18 stars are found to be accreting. This
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Figure 2.2: Figures showing Hα line of the targets HIP25763 (left) and
HIP98992 (right).

was determined by checking for emission at hydrogen alpha (Hα) line of the

Balmer series; only stars which are accreting will have emission at Hα line. The

figures 2.1 and 2.2 shows examples of 4 targets showing their Hα lines: HIP

22112 shows strong emission indicating that it is strongly accreting, HIP 30448

and HIP 25763 shows the presence of both emission and absorption indicating

some accretion happening and HIP 98992 shows no emission indicating that

it is not accreting. Also, 27 targets were excluded from the observed sample

as their data was already present in the ESO archive and they will analysed

together with our 18 targets.

In order to accurately determine the accretion rates and the IR excesses of the

stars, it is necessary to follow a homogeneous approach to accurately measure

the stellar parameters [Fairlamb, 2015]. Many methods have been proposed

by Mora et al. [2001] and Hernández et al. [2004], yet the most preferred one

is the method used by Montesinos et al. [2009], as it doesn’t involve knowing

the distances of the stars for the calculation of other parameters.

This chapter uses the homogeneous approach followed my Montesinos et al.

[2009] to determine the stellar parameters like the stellar temperature, sur-

face gravity, extinction, luminosity, mass, age and radius for a sample of 18

PMS candidate intermediate mass stars. To achieve this goal, the UVB, Opti-

cal(VIS) and near IR(NIR) spectra of the sample is used which was obtained

using the X-Shooter spectrograph. This chapter is important in order to de-

termine the accretion rates, discussed in the next chapter.
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2.2 Observations

2.2.1 XShooter Spectrograph

X-Shooter echelle spectrograph was used to collect data that is required for

this project. X-Shooter is a multi-wavelength, intermediate resolution spectro-

graph mounted at the VLT, Cerro Paranal, Chile. It provides spectra covering

a large wavelength range, from the ultraviolet (UV) to the near-infrared (NIR),

taken simultaneously across the three arms: the UVB arm (3000-5600 Å), the

VIS arm (5600-10200 Å) and the NIR arm (10200-24800 Å) [Vernet et al.,

2011]. Each of the three arms is an individual echelle spectrograph, which

disperses the incident beam of light in the form of a spectrum. Depending on

the slit width and the wavelength, it operates at the resolution of about 4000-

17000. The data reduction package provides a fully calibrated 2-dimensional

spectra over the entire wavelength range. The data was automatically reduced

by the ESO pipeline and were checked by collaborator, by Dr. Mario van den

Ancker at ESO before delivering it to us.

The spectra were obtained with S/N > 100 over the entire wavelength range

(3600-24800 Å) for each target in the sample. The SNR around the Hα line of

the Balmer series is shown in Table 2.1. The exposure times for each target

varies in the three arms: UVB, VIS and NIR and are shown in the table below,

along with their coordinates, Right Ascension and Declination.
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2.3 Determination of Parameters

As discussed earlier, the parameters are determined by following the approach

explained by Montesinos et al. [2009]. Three major steps are followed to

determine the parameters:

• First, spectral typing of the XShooter spectra with the spectra from the

BOSZ model [Bohlin et al., 2017] is done to obtain the stellar effective

temperature, Teff , and surface gravity, log(g).

• Second, the obtained temperature determined using the BOSZ model

along with the values of the B, V and R photometric data points from

the literature is used to determine the reddening of the spectra, AV ,

and the scaling factor, which is the ratio of the distance and the radius

(D/R∗) for all the targets. Knowing the scaling factor helps us calculate

the radius of the stars, as their distances are already known.

• The third step is the final step in determining the parameters. In this

step, first the luminosity of the star is calculated using the above de-

termined data. Using the luminosity and the effective temperature in

the Pre-Main Sequence Evolutionary tracks [Siess et al., 1997], the other

parameters like mass, radius and age of the stars are determined.

Each of the above steps are discussed in detail in the following sections of the

chapter, together with the results obtained.
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2.3.1 Determination of the Temperature and Surface

Gravity

Since the XShooter instrument covers a large wavelength from 3000 Å to 24800

Å, it allows us to derive the values of the effective temperature and the surface

gravity for all the 18 targets. The method similar to that used by Montesinos

et al. [2009] is used in order to achieve it. The hydrogen Balmer lines are

sensitive to changes in both Teff and log(g). Since emission can be seen in

the core, the wings of these lines are used to perform spectral typing. Among

the hydrogen Balmer lines, Hα is the strongest and broadest of the series for

Herbig stars and they often exhibit emission and can affect the parameters

derived. Hence, Hβ, Hγ and Hδ lines are used to determine Teff and log(g)

for the targets.

The BOSZ model [Bohlin et al., 2017] is used to perform the spectral fitting.

To compare the lines from the spectra of the stars, the same lines from the

model are also normalised based on the continuum on both the sides of the

line in the same wavelength region. This normalisation is done using IRAF

(Image Reduction and Analysis Facility) software. The comparison of the

observed spectra to that of the model is done by over-plotting the lines and

setting the Teff to increase in steps of 250K and of log(g) to increase in steps

of 0.5 cms−2. The best fit is chosen based on the wings on both sides of

the lines where intensity is greater than 0.8, to avoid any effect of emission

and rotational broadening of the line, which affects the central parts of the

absorption lines.

Since fitting is performed for three lines of the hydrogen Balmer series, there

are possibilities that the value of Teff and log(g) obtained for each line might

be different resulting in three different temperatures for an individual star.

In such case, the best of the three fits is considered as the stellar effective

temperature and surface gravity. The best fit is chosen by visually comparing

the fits. Sometimes, more than one combination of temperature and surface
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Figure 2.3: An example showing the spectral typing for a target; the target
spectra is shown in blue and the Bosz model spectra, denoting the best fit, is
shown in orange. log(g) is in cms−2.

gravity can fit to the spectra. In such cases, the other non-Hydrogen absorp-

tion lines present are considered to see which combination of Teff and log(g)

fits the other lines as well. This gives the errors in the measurement of Teff

and log(g). The best fit is shown in Fig 2.3. Fig 2.4 shows the upper and

lower limits of the temperatures. Table 2.2 shows the values obtained for

each individual line and then the final Teff and log(g). The spectra from the

model corresponding to the Teff and log(g) is used to perform fitting of the

photometric data points with the model spectra to obtain extinction and scal-

ing factor. The effective temperature and luminosity is used to obtain other

parameters like mass, radius and age. Hence, the calculation of the errors in

the measurements of Teff and log(g) is necessary to obtain the errors in other

parameters.

Though this method of performing the spectral typing is more convenient and

yields good results, sometimes there can be a few issues. Firstly, if the spectra

of the star displays extreme emission lines it becomes difficult to fit the lines
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Figure 2.4: Spectral typing for a target showing the lower limit and upper
limit of Teff and log(g) [in cms−2] which fits the spectra; target spectra is
shown in blue and the Bosz model spectra is shown in orange.

based on the continuum , as the line strength will be strong across the Balmer

series and the width of the lines covers the photospheric absorption wings

[Fairlamb, 2015]. Another issue can arise due to the non-linear relationship

between the width of the Balmer lines and the surface gravity. This makes

the fitting of the target spectra with the spectra of the model difficult for

stars with Teff < 9000K [Guimarães et al., 2006] due to the degeneracy. For

example, HIP 25763, HIP 57027, TYC 461-622-1 and TYC 9329-60-1 have

their temperatures below 9000K, and the lines are broader. Below 9000K,

the line width increases with decrease in surface gravity. It was difficult to

perform fitting for these targets as two different temperatures had the same

width but different values of surface gravity. Then, the best fit was chosen by

the presence of the other non-Hydrogen lines.

2.3.2 Determination of Reddening and Scaling Factor

Interstellar reddening occurs due to the presence of the interstellar dust which

absorbs and scatters blue light photons more than red light photons, thus

making the stars appear redder than they actually are. This step deals with

determining the reddening of the spectra of the targets using the temperature

obtained in the previous step. To do this the spectra of the model, based on

the determined temperature, is fitted with the observed optical photometry,
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taken from the literature.

By performing the fitting, the interstellar reddening AV , and the scaling factor

D/R∗, which is the ratio of the distance of the star to its radius, can be deter-

mined. The scaling factor is a result of fitting the the observed photometric

data with the model [Bohlin et al., 2017]. To perform the fitting, the B, V, and

R points,at 4400 Å, 5500 Å and 6400 Å, are used in this work. Photometry

of the I band can also be used, but for the list of targets worked on in this

project the photometry at I band was not available in literature, hence only

B V and R bands are used. The Balmer excess can have an influence on the

U band and hence it is a better option not to consider that to perform fitting.

Also, long-wards of the I band, there can be an influence of IR excess, and no

photometry after this is used. So, choosing only B, V, R and I bands would

be ideal. In this work, the photometry is assumed to be mainly photospheric

and the effect for variability is low. The photometric values with maximum

brightness are chosen, in case there are many photometric values. The effect

of variability on Herbig stars have been observed in many earlier works like

Mendigut́ıa et al. [2013], Oudmaijer et al. [2001], but it has been observed

that it is mostly less than 0.1 mag in majority of the stars [de Winter et al.,

2001].

The stellar effective temperature and surface gravity obtained in the previous

step is used to do the fitting. The photometry points are fit with the Bosz

model spectra [Bohlin et al., 2017]. To do this, the relationship between the

flux and the observed photometry is used. Both AV and D/R∗ are simulta-

neously determined and to obtain the best fit AV is increased in steps in 0.01

and D/R∗ in steps of 0.1. The equation relating the observed photometry and

flux is represented in equation 2.1 and the equation relating the flux and the

scaling factor is shown in equation 2.2.

F1 = F0 ∗ 10
Aconst.∗AV −obs.mag

2.5 (2.1)

F1 is the flux calculated using the observed photometry, F0 is the zero mag-

nitude flux, Aconst. is the reddening constant which is 1.34, 1.00 and 0.75 for

21



Figure 2.5: Photometry fitting of a target, where the Bosz model spectra is
shown in blue and the photometric data points are shown in orange; log(g) is
in cms−2.

AB, AV , AR in B V and R bands respectively [Cardelli et al., 1989], and the

observed magnitude (obs. mag) is the observed photometric data point.

Fsurface, the surface flux is given by

Fsurface =
L∗

4πR2
∗

(2.2)

F2 is the flux at the distance D and is given by,

F2 =
L∗

4πD2
(2.3)

By comparing equation 2.2 and equation 2.3, we get,
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F2 =
Fsurface
(

D

R∗

)2
(2.4)

F2 is the flux from model, Fsurface is the surface flux, D is the distance of the

stars in parsec and R∗ is the radius of the star in terms of radius of the sun.

The best fit to the photometry is obtained when the observed photometry is

in-line with the Spectral Energy Distribution (SED) shape of the model; an

example is shown in the figure 2.5. Since the distance of the stars is known,

the radius of the star can be calculated from the scaling factor determined

in this step. The table 2.3 shows the distances taken from GAIA catalog

[Gaia Collaboration, 2018] and the photometry, with their references. The

determined AV and D/R∗ is shown in the table , along with the errors in their

calculations. The errors are obtained by determining the values of extinction

and scaling factor for the upper and lower limits of the temperature.

2.3.3 Determination of Radius, Mass and Age

This is the final step of determination of the other stellar parameters like

luminosity, radius, mass and age for the targets. The stellar effective tem-

perature, surface gravity, reddening and scaling factor are determined in the

previous steps. Since the distance is known, the radius of the star can be cal-

culated from the scaling factor. Once the temperature (Teff ) and radius (R∗)

is known, the luminosity of the star can be calculated, as L∗. The formula used

is L∗ = 4πR2
∗σT

4
eff . The errors in both Teff and R∗ are used to compute the

errors in the calculation of luminosity, which will then be used to calculate the

errors in the other parameters. The Pre-Main Sequence (PMS) Evolutionary

Tracks [Siess et al., 1997], are used to determine the other parameters.

Each evolutionary track denotes a fixed mass, showing how a star would con-

tract and evolve over time, changing its temperature and luminosity. The

change in these parameters results in a change in mass, radius and age as well.
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The metallicity is kept Z=0.01 for all the targets in this work. The tempera-

ture (in K) and luminosity (in L⊙) are entered and metallicity is chosen to be

Z=0.01. The radius, mass and age of the stars are determined.

The errors in the measurements of Teff , log(g), AV and D/R∗ are obtained in

the previous steps. Since the distance is known, the errors in the measurement

of radius is determined using the upper and lower limits of the scaling factor.

Similarly, errors in the values of luminosities is determined using the errors in

radius and effective temperature. Then the errors in mass, radius and age are

determined, using the upper and limits in temperature and luminosity in the

PMS Evolutionary Tracks. By this, the errors in the measurements of all the

parameters are determined.

By this point, all the basic parameters of the stars are determined. The

following table 2.4 shows all the derived parameters, along with the errors in

their measurements. With the parameters known, it is possible to place the

stars on the HR Diagram.
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2.4 HR Diagram and Age

Figure 2.6: HR diagram with all the stars, along with errors in the measure-
ment of Teff and log(L∗); the stars with mass lower than 1.5 M⊙ are shown in
blue dots, the stars in the mass range 1.5-3.5 M⊙ are shown in orange dots and
those with mass greater than 3.5 M⊙ are shown in green dots. The isochrones
and the evolutionary tracks are also shown, where the maroon track shows
the evolutionary track of stars of mass 3.5 M⊙ and the violet track shows the
evolutionary track of stars of mass 1.5 M⊙.

Using the Teff and L∗ determined using the spectra, the stars can be placed

on the HR Diagram. The figure 2.6 shows all the targets placed on the HR

diagram, with the isochrones and evolutionary tracks also shown. The age

of the stars were determined using the PMS Evolutionary tracks [Siess et al.,

1997]. Fig 2.7 shows how the temperature varies with the age of the stars,

both of which were determined in this chapter. The criteria we are inter-

ested in working is that the targets are younger than 5Myr and in the mass

range 1.5-3.5 M⊙. Most current studies focus on a limited subset of 5-10Myr

intermediate-mass stars. Hence, the criteria chosen in this work provides an
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unbiased sample of young intermediate-mass stars. Amongst the entire list of

targets in this work, 9 out of 18 are in the required mass range. The place-

ment of these stars on the isochrones and evolutionary tracks confirm their

young nature, as 6 out of the 9 stars in the required mass range (shown in

Fig 2.5 in orange dots) are seen to be younger than 5Myr, while the other 3

are 5-10Myr old. Stars with their mass greater than 3.5 M⊙ are found to be

around 1Myr and there is only one star in the sample which has mass lower

than 1.5 M⊙ which is older than 10Myr. It is seen that more massive stars

are more luminous than lower mass stars. In figure 2.6, it is seen that the

older stars are usually cooler than the younger stars, i.e. the hottest stars are

the youngest ones. This is a consequence of the fact that the stars with lower

masses evolve towards the main sequence slower than the higher mass stars.

Also, as seen in the literature, the PMS evolutionary phase for hotter stars is

shorter than for cooler stars.

Figure 2.7: The age of the stars are plotted against the effective temperature
of the stars, where the stars with mass lower than 1.5 M⊙ are shown in blue
dots, the stars in the mass range 1.5-3.5 M⊙ are shown in orange dots and
those with mass greater than 3.5 M⊙ are shown in green dots.
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Table 2.1: Table showing the name, RA, DEC, Exposure time in the UVB, VIS and NIR arms, and SNR around Hα line of
the targets.

Name RA DEC Exposure time (s) Exposure time (s) Exposure time (s) SNR

(J2000) (J2000) UVB VIS NIR

HIP 22112 04:45:34.68 +19:19:41.9 360 300 450 144.81

HIP 23201 04:59:35.63 +25:48:26.9 360 300 450 382.70

HIP 25763 05:30:05.99 +29:33:10.1 360 300 450 72.96

HIP 28561 06:01:41.63 +22:24:03.6 40 80 80 174.44

HIP 29635 06:14:41.94 -73:37:35.4 60 60 140 117.84

HIP 30448 06:24:02.28 +08:53:06.0 40 40 80 167.56

HIP 38779 07:56:15.77 -61:05:57.9 60 60 140 154.52

HIP 48613 09:54:51.23 -50:14:38.3 40 40 80 211.55

HIP 57027 11:41:32.57 -77:03:16.8 60 60 140 129.85

HIP 57143 11:43:07.72 -72:26:43.8 120 120 200 148.25

HIP 61738 12:39:14.49 -75:22:14.0 40 40 80 142.49

HIP 74911 15:18:31.99 -47:52:30.7 12 12 20 164.18

HIP 77289 15:46:47.37 -52:08:46.2 120 120 200 161.36

HIP 81710 16:41:23.11 -68:17:46.0 40 40 80 168.57

HIP 92364 18:49:26.65 -11:47:18.5 240 200 300 287.52

HIP 94260 19:11:11.24 +15:47:15.5 120 120 200 193.93

TYC-461-622-1 18:57:45.00 +05:56:30.2 240 200 300 51.50

TYC-9329-60-1 20:53:24.07 -71:50:13.8 240 200 300 58.74
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Table 2.2: Table showing the targets with temperatures and log(g) obtained for each of the three lines, Hβ, Hγ and Hδ, and
the last two columns show the effective temperature and surface gravity for each target.

Name β β γ γ δ δ Teff log(g)

T(K) (cm/s2) T(K) (cm/s2) T(K) (cm/s2) (K) (cm/s2)

HIP 22112 14500 3.5 14500 4.0 14000 4.5 14500+500

−500 4.0+0.50
−0.50

HIP 23201 13000 4.0 13000 4.0 13500 3.5 13000+500

−500 4.0+0.00
−0.50

HIP 25763 6250 4.5 6250 4.5 6750 5.0 6250+500

−250 4.5+0.50
−0.00

HIP 28561 12000 4.0 11750 4.0 11500 4.5 11750+750

−000 4.0+0.50
−0.00

HIP 29635 11250 3.5 11000 3.5 10750 3.5 11000+500

−500 3.5+0.00
−0.00

HIP 30448 12000 3.5 11750 3.5 11500 4.0 11750+250

−250 3.5+0.50
−0.00

HIP 38779 11750 3.0 11750 3.5 11500 3.5 11750+000

−500 3.5+0.00
−0.50

HIP 48613 9750 4.5 9250 4.0 9500 4.0 9500+500

−500 4.0+0.00
−0.50

HIP 57027 6750 5.0 6750 4.5 7000 4.5 6750+250

−250 4.5+0.50
−0.00

HIP 57143 14000 3.5 14000 4.0 13500 4.5 14000+500

−500 4.0+0.50
−0.50

HIP 61738 13000 4.0 13000 4.0 13000 4.0 13000+500

−500 4.0+0.00
−0.00

HIP 74911 12500 4.0 12000 4.0 11750 4.5 12000+1000

−250 4.0+0.50
−0.00

HIP 77289 12500 4.0 13000 3.0 12000 3.5 12500+500

−750 3.5+0.50
−0.50

HIP 81710 14500 4.0 14000 4.0 14000 4.0 14000+1000

−500 4.0+0.00
−0.00

HIP 92364 10750 3.5 11000 3.5 10500 4.0 10750+250

−250 3.5+0.50
−0.00

HIP 94260 9750 4.5 9500 4.0 9500 4.0 9500+500

−250 4.0+0.50
−0.00

TYC-461-622-1 6250 4.5 6000 4.0 6250 4.0 6250+000

−250 4.0+0.50
−0.00

TYC-9329-60-1 6500 4.0 6500 4.0 6500 4.5 6500+250

−250 4.0+0.50
−0.00
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Table 2.3: Photometry and distances from the literature, along with the ex-
tinction and scaling factor for each target.

Name B V R D AV D/R∗

(mag) (mag) (mag) (pc) mag pc/R⊙

HIP 22112 8.730 8.442 8.250 603.50+19.23
−19.23 1.17+0.06

−0.08 121.6+5.9
−4.3

HIP 23201 8.635 8.311 8.090 266.40+4.18
−4.18 1.22+0.07

−0.06 102.1+3.8
−4.0

HIP 25763 9.927 9.323 8.910 194.73+2.38
−2.38 0.43+0.05

−0.06 79.8+2.5
−2.1

HIP 28561 6.289 6.350 6.390 266.84+9.54
−9.54 0.06+0.05

−0.04 64.2+1.5
−1.8

HIP 29635 6.557 6.588 6.610 269.63+4.79
−4.79 0.11+0.04

−0.04 65.7+1.6
−1.5

HIP 30448 6.158 6.215 6.260 262.59+6.78
−6.78 0.07+0.04

−0.06 60.1+2.1
−1.4

HIP 38779 6.726 6.729 6.730 673.67+0.00
−0.00 0.23+0.04

−0.05 70.7+2.2
−1.6

HIP 48613 5.709 5.704 5.700 99.34+0.91
−0.91 0.08+0.02

−0.03 38.0+0.7
−0.4

HIP 57027 7.294 6.936 12.650 104.91+4.15
−4.15 0.00+0.21

−0.00 41.9+15.5
−8.3

HIP 57143 7.167 7.122 7.090 422.71+12.08
−12.08 0.45+0.05

−0.05 89.5+2.7
−2.7

HIP 61738∗† 6.600 6.500 - 174.52+2.35
−2.35 0.64+0.00

−0.00 57.3+0.0
−0.0

HIP 74911∗ 4.923 5.002 5.000 102.88+0.00
−0.00 0.08+0.01

−0.00 34.6+0.0
−0.2

HIP 77289 7.025 7.070 7.100 389.70+20.04
−20.04 0.14+0.04

−0.05 91.3+2.8
−2.1

HIP 81710 5.795 5.877 5.930 234.31+4.26
−4.26 0.09+0.04

−0.04 59.4+1.5
−1.4

HIP 92364 8.506 8.225 8.050 270.52+4.08
−4.08 0.98+0.07

−0.08 91.8+4.4
−3.6

HIP 94260 7.480 7.394 7.340 265.99+3.30
−3.30 0.30+0.03

−0.03 75.0+1.3
−1.4

TYC-461-622-1 10.340 9.751 9.350 149.63+1.88
−1.88 0.42+0.06

−0.06 98.4+3.2
−2.9

TYC-9329-60-1 10.344 9.832 9.490 272.98+2.18
−2.18 0.29+0.03

−0.03 116.8+2.1
−1.9

(a) ∗ - Distance taken from Hipparcos Catalog [van Leeuwen, 2007], all others are
taken from Gaia [Gaia Collaboration, 2018]; † - Photometric data taken from Egret
et al. [1992], all other photometric data taken from Zacharias et al. [2004]
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Table 2.4: The derived stellar parameters.

Name Teff log(g) D AV log(L⋆) M⋆ R⋆ Age

(K) (cm/s2) (pc) (mag) [L⊙] (M⊙) (R⊙) (Myr)

HIP 22112 14500+500

−500 4.0+0.50
−0.50 603.50+19.23

−19.23 1.17+0.06
−0.08 2.99+0.12

−0.13 5.04+0.01
−0.08 4.96+0.35

−0.38 0.40+0.01
−0.00

HIP 23201 13000+500

−500 4.0+0.00
−0.50 266.40+4.18

−4.18 1.22+0.07
−0.06 2.24+0.12

−0.11 3.49+0.12
−0.07 2.61+0.15

−0.13 1.66+0.02
−0.03

HIP 25763 6250+500

−250 4.5+0.50
−0.00 194.73+2.38

−2.38 0.43+0.05
−0.06 0.91+0.17

−0.11 1.60+0.03
−0.02 2.44+0.10

−0.10 7.44+0.24
−0.64

HIP 28561 11750+750

−000 4.0+0.50
−0.00 266.84+9.54

−9.54 0.06+0.05
−0.04 2.47+0.16

−0.05 3.99+0.02
−0.01 4.16+0.27

−0.24 1.42+0.38
−0.51

HIP 29635 11000+500

−500 3.5+0.00
−0.00 269.63+4.79

−4.79 0.11+0.04
−0.04 2.35+0.11

−0.11 3.56+0.04
−0.02 4.10+0.17

−0.17 1.14+0.06
−0.03

HIP 30448 11750+250

−250 3.5+0.50
−0.00 262.59+6.78

−6.78 0.07+0.04
−0.06 2.51+0.08

−0.09 4.04+0.02
−0.01 4.37+0.22

−0.26 0.87+0.02
−0.00

HIP 38779 11750+000

−500 3.5+0.00
−0.50 673.67+0.00

−0.00 0.23+0.04
−0.05 3.19+0.02

−0.10 6.73+0.13
−0.14 9.53+0.22

−0.29 0.20+0.01
−0.00

HIP 48613 9500+500

−500 4.0+0.00
−0.50 99.34+0.91

−0.91 0.08+0.02
−0.03 1.70+0.09

−0.12 2.46+0.04
−0.15 2.61+0.05

−0.07 3.45+0.13
−0.06

HIP 57027 6750+250

−250 4.5+0.50
−0.00 104.91+4.15

−4.15 0.00+0.21
−0.00 1.07+0.29

−0.37 1.67+0.23
−0.18 2.50+0.74

−0.75 7.39+3.68
−2.41

HIP 57143 14000+500

−500 4.0+0.50
−0.50 422.71+12.08

−12.08 0.45+0.05
−0.05 2.89+0.11

−0.11 5.03+0.02
−0.83 4.72+0.29

−0.27 0.52+0.07
−0.08

HIP 61738 13000+500

−500 4.0+0.00
−0.00 174.52+2.35

−2.35 0.64+0.00
−0.00 2.38+0.08

−0.08 3.68+0.19
−0.22 3.05+0.04

−0.04 1.50+0.05
−0.30

HIP 74911 12000+1000

−250 4.0+0.50
−0.00 102.88+0.00

−0.00 0.08+0.01
−0.00 2.22+0.14

−0.04 3.32+0.23
−0.01 2.97+0.02

−0.00 1.62+0.02
−0.09

HIP 77289 12500+500

−750 3.5+0.50
−0.50 389.70+20.04

−20.04 0.14+0.04
−0.05 2.60+0.13

−0.18 4.01+0.18
−0.03 4.27+0.33

−1.07 0.69+0.18
−0.01

HIP 81710 14000+1000

−500 4.0+0.00
−0.00 234.31+4.26

−4.26 0.09+0.04
−0.04 2.73+0.16

−0.10 4.10+0.34
−0.00 3.94+0.17

−0.17 0.67+0.01
−0.02

HIP 92364 10750+250

−250 3.5+0.50
−0.00 270.52+4.08

−4.08 0.98+0.07
−0.08 2.02+0.09

−0.10 2.96+0.01
−0.03 2.95+0.17

−0.18 2.25+0.03
−0.02

HIP 94260 9500+500

−250 4.0+0.50
−0.00 265.99+3.30

−3.30 0.30+0.03
−0.03 1.97+0.12

−0.07 2.74+0.16
−0.00 3.55+0.11

−0.10 2.14+0.02
−0.06

TYC-461-622-1 6250+000

−250 4.0+0.50
−0.00 149.63+1.88

−1.88 0.42+0.06
−0.06 0.50+0.04

−0.11 1.23+0.01
−0.03 1.52+0.07

−0.06 15.71+0.87
−0.97

TYC-9329-60-1 6500+250

−250 4.0+0.50
−0.00 272.98+2.18

−2.18 0.29+0.03
−0.03 0.94+0.08

−0.09 1.56+0.04
−0.02 2.34+0.06

−0.06 8.50+0.17
−0.33
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Chapter 3

Accretion Rate and IR Excess

Measurements

3.1 Introduction

Herbig stars are found to be similar to the Classical T Tauri stars (CTTs)

by having similar properties like the presence of discs around them, presence

of emission lines, both have lower surface gravities than main sequence (MS)

stars and both exhibit UV excess. It is known that the Herbig stars are found

to have two different types of discs based on the IR excess emitted from the

disc [Meeus et al., 2001], as discussed in Chapter 1. Some discs are found

to have gaps in them and presence of planets is also observed in the discs

(Currie et al. [2014], Close et al. [2014], Quanz et al. [2013], Brittain et al.

[2013]). Accretion plays an important role in influencing the mass of the

planets formed within the discs as the newly forming planets need to feed on

the disc material. Accretion also plays as a source of energy for the emission

lines and the UV excess observed in their spectra (Garrison [1978], Donehew

and Brittain [2011], Mendigut́ıa et al. [2011]).
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Accretion in the CTTs occur through magnetospheric accretion [Calvet and

Gullbring, 1998]. The observed UV excess is explained by a theory (Gullbring

et al. [1998], Gullbring et al. [2000], Ingleby et al. [2013]), according to which,

the magnetic field lines from the central star truncates the material from

the inner regions of the disc, which is then funnelled onto the star. The

observed emission line are also seen to be a result of accretion (Muzerolle

et al. [1998b], Muzerolle et al. [2001], Kurosawa et al. [2011]) and hence can

be used to determine the accretion rates. For the magnetospheric accretion

to be applicable, the magnetic field lines from the central star must be strong

enough to be able to truncate the disc, it is of the order of kilo-Gauss for CTTs

(Ghosh and Lamb [1979], Koenigl [1991], Shu et al. [1994], Johns-Krull [2007],

Bouvier et al. [2007]). To date studies have found only a few Herbig stars to

have magnetic fields (Wade et al. [2005], Catala et al. [2007], Hubrig et al.

[2009]). A work carried out by Alecian et al. [2013] showed that only 5 out of

70 Herbig stars were found to have magnetic fields. Though it is unclear if the

detected magnetic field is a remnant of the giant molecular cloud from which

the star has formed or if it is due to the convective motions of the material

within the star [Charbonneau and MacGregor, 2001].

The accretion rates of the stars can also be determined using the emission

lines seen in their spectra. It has been found that the accretion luminosity

is correlated to the luminosities of the emission lines of the stars (Rigliaco

et al. [2012], Herczeg and Hillenbrand [2008], Dahm [2008], Calvet et al. [2004],

Muzerolle et al. [1998a]). Details like the motion of the gases and the geometry

of the emitting regions can be provided by the various profiles of the spectral

lines. For example, the presence of double peaked lines in emission signifies

that the disc is rotating (Acke et al. [2005], Acke and van den Ancker [2006],

Bagnoli et al. [2010]). Mendigut́ıa et al. [2011] shows that a few luminosity

relationships which holds good for CTTs also holds good for Herbig stars.

Hence the line profiles can be used to determine the accretion rates of the

stars. It is easier to obtain the emission line measurements than to obtain the

UV excess measurements to determine the accretion rates (Ṁacc), as emission

lines at a variety of different wavelengths can be used for measurements.
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This section 3.2 of this Chapter deals with determining the accretion rates for

the entire sample of 18 Herbig (see Chapter 2) stars by measuring the equiv-

alent widths of the Hα emission line in their spectra. The stellar parameters

determined in Chapter 2 are used to calculate Ṁacc. The section 3.3 explains

measurements of IR excess of the stars.

3.2 Accretion rate Measurements

PMS stars accrete material from their disks for a very long time until the

material in the disc is accreted entirely onto the star or removed due to planet

formation or photoevaporation. The accretion rates of Herbig Ae stars was

found to be about 10−9 < Ṁacc < 10−6 M⊙/yr [Garcia Lopez et al., 2006].

The accretion rate in most of the Herbig Ae stars are low [Garcia Lopez et al.,

2006]. The inner rim of the disc receives direct stellar radiation and a puffed-

up rim is formed (Dominik et al. [2003], Benisty et al. [2010], Isella et al.

[2008], Dullemond et al. [2001]).

I determined the stellar parameters like Teff , log(g), AV , L∗, R∗, M∗ and age

for the sample of 18 stars, in the previous Chapter. I use these parameters

to determine the accretion rates of the stars. In this work, the line profile is

used. First, the equivalent width (EW) of the Hydrogen-alpha (Hα) emission

line of the Balmer series is determined, from which the line flux is calculated.

Using this the line luminosity is determined and then the accretion rate is

calculated.
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3.2.1 Equivalent Width Measurements

Emission lines contain information about the stars and their environment.

The presence of emission particularly at Hα shows that the star is strongly

accreting. The strengths of the lines can be used to gain information on the

energy imparted due to accretion or heating. Amongst the other lines in the

Balmer series Hα is used as it is the lowest transition, from n=3 to n=2. This

is the reason why it is seen as the strongest emission line in the optical spectra

of Herbig stars. The presence this emission line was used initially to identify

and classify Herbig stars [Herbig, 1960] and has helped detecting many more

(Finkenzeller and Mundt [1984], The et al. [1994], Vieira et al. [2003]).

The strength of each observed emission line is calculated by measuring the

Equivalent Width (EW) and is shown in the expression below:

EWobs =

∫ b

a

Ic − Iλ
Ic

(3.1)

Where a and b are the blue and red wavelength points respectively, Ic is

the continuum intensity and Iλ is the intensity of the line at a particular

wavelength. I normalised the line such that the continuum level is at unity.

To determine the EW of the Hα emission line of the Balmer series, the spectra

of the stars obtained by X-Shooter is used along with the spectra of the Bosz

model. To achieve this, I normalised the Hα emission line of the spectra using

IRAF based on the continuum region on both the sides. The EW is measured

for this normalised line using IRAF and is called as observed equivalent width,

EWobs.

Due to the stellar photosphere, there will be some intrinsic absorption of the

line in the majority of the observed emission lines of the observed spectra.

EWobs is a combination of the intrinsic absorption and true circumstellar emis-

sion, and the true emission is stronger than the corrected equivalent width,

EWcor. The intrinsic equivalent width must be subtracted from the observed

to obtain EWcorr. Hence, it is necessary to determine the EW of the intrinsic
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absorption line, EWint. This is done using the model spectra.

The strength of the intrinsic absorption line depends on the temperature,

surface gravity, and metallicity of the star. These parameters of the stars

are already obtained by performing spectral fitting of the spectra obtained

using XShooter and the model spectra from Bosz model. The model spectrum

corresponding to the temperature obtained for each individual star is used to

find EWint. To determine EWint, the Hα absorption line of the spectra is

normalised based on the same continuum regions, as chosen for the observed

spectra, on either side of the line. The normalisation is done using IRAF and

also the EW is measured using the same. Once EWobs and EWint is known,

the corrected Equivalent Width, EWcorr, is determined using the relation:

EWcorr = EWobs − EWint (3.2)

The line flux, Fline, can now be calculated with the known value of EWcorr.

The expression which relates the line flux with corrected equivalent width is

shown below:

Fline =| EWcorr | ×Fλ (3.3)

Where Fλ is the continuum flux corresponding to the central wavelength of

the line. The table 3.1 shows the EWcorr, Fλ and Fline for all the targets.

The line luminosity, Lline, of the emission line can be determined as the dis-

tance of the stars are known (shown in table 2.3 with the references). The

expression used to calculate Lline is:

Lline = 4πD2Fline (3.4)

By now I calculated EWobs, EWint, EWcorr, Fλ, Fline and Lline for all the stars
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in the sample, which will now be used to determine the accretion luminosity,

Lacc, and accretion rate Ṁacc of the stars.

Even though many different lines can be used for measuring accretion rates,

the most commonly used are Hα, Paβ, Brγ and [OI]λ6300, and Hα is used in

this work. These lines are frequently used as it is seen that for these lines the

luminosity and accretion luminosity are correlated (Muzerolle et al. [1998a],

Calvet et al. [2004], Dahm [2008], Herczeg and Hillenbrand [2008], Mendigut́ıa

et al. [2011], Rigliaco et al. [2012]). The relationship is shown below:

log

(

Lacc

L⊙

)

= A+B × log

(

Lline

L⊙

)

(3.5)

Where A and B are constants, which are different for different lines. The

values of A and B obtained by [Alcalá et al., 2014] are (1.50 ± 0.26) and (1.12

± 0.07) respectively. The values of the same constants A and B obtained by

[Fairlamb et al., 2017] is (2.09 ± 0.06) and (1.00 ± 0.05) respectively. The

values obtained by Fairlamb et al. [2017] is used in this work. This approach

of measuring the accretion rates from accretion luminosity is more effective

than from UV excess as hot stars with low accretion rates cannot be detected

easily by a UV excess.

The accretion rate, Ṁacc, can now be calculated using the relation:

Lacc =
GM∗

R∗

Ṁacc (3.6)

Where Lacc is the accretion luminosity, G is the gravitational constant, M∗ is

the mass of the star and R∗ is the radius of the star. All these parameters

are previously determined in Chapter 2. The accretion rate can be calculated

using the values obtained. The table 3.2 shows the obtained accretion rates

for the sample.
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3.3 Accretion Rate vs Stellar Parameters

The stellar parameters, Teff , log(g), AV , L∗, D, M∗, R∗ and age of the stars

are determined in Chapter 2 and the accretion rates for the entire sample

was determined in the previous section of this chapter. In chapter 2, the plot

between the age and the temperature of the stars showed that the younger stars

are usually hotter than the older stars. In this section, I plot the parameters

with the accretion rates to see how each one of them varies with accretion

rates.

Figure 3.1 shows how accretion rate varies with age. The stars with mass

lower than 1.5 M⊙ is shown in blue dots, the stars in the mass range 1.5-3.5

M⊙ are shown in orange dots and the stars massive than 3.5 M⊙ are shown

in green dots. The plot shows us that the younger stars have high accretion

rates compared to the older stars. The accretion rate diminishes as the star

grows older. This indicates that the accretion rate tells us how the Herbig

stars evolve. When the stars are young, the discs around them have more

material which is accreted onto the star. Gradually, the material of the disc

is lost as it is accreted onto the stars or lost due to photoevaporation or due

to planet formation [Gorti and Hollenbach, 2009]. Hence, the accretion rates

of the older stars is lower compared to the younger stars.

In this work, the relation to between the accretion rate and age is determines as

Ṁacc ∝ t−2.10±0.30. Fairlamb et al. [2015] determined a fit to the data provides

a relationship between the accretion rate and age as Ṁacc ∝ t−η, where t is

the age in Myr and η = 1.92±0.09 [Fairlamb et al., 2015]. This relationship is

seen to vary for Herbig Ae (HAes) and Herbig Be (HBes) stars. For HBes, η is

found to be 2.02± 0.22, which is similar to the results for all Herbig stars, but

HAes was found to have a steeper relationship with η = 4.06± 0.53 [Fairlamb

et al., 2015]. Mendigut́ıa et al. [2012] obtained a more general relationship for

all Herbig stars as η = 1.8. Classical T Tauri stars (CTTs) are also seen to

follow a same trend in the relationship between the age and the accretion rates

of the stars and η is found to be in the range 1.5-2.8 [Hartmann et al., 1998].

But, recent studies have shown that there is a difference in the relationship

Ṁacc ∝ t−η for Herbig stars and CTTs, as the relationship was found to be
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shallower, Ṁacc ∝ t−2 (Sicilia-Aguilar et al. [2010]; Caratti o Garatti et al.

[2012]). This implies that massive stars have high accretion rates and are only

observable at their younger ages as they evolve quicker and the less massive

stars have a longer Pre-Main Sequence lifetime.

Figure 3.1: The accretion rates of the stars are plotted against their ages;
stars with mass lower than 1.5 M⊙ are shown in blue dots, stars in the mass
range 1.5-3.5 M⊙ are shown in orange dots and those with mass greater than
3.5 M⊙ are shown in green dots.

Figure 3.2 shows the plot of Teff and Ṁacc of the stars, obtained in Chap-

ters 2 and 3, respectively. The stars in the different mass ranges are shown

in different colored dots. It is clearly seen that the accretion rate increases

steadily with an increase in the temperature. It is seen that the stars massive

than 3.5 M⊙ are seen to have higher temperatures as well as higher accretion

rates when compared to lower mass stars which are found to have lower tem-

peratures and lower accretion rates. CTTs are also seen to follow a similar

relationship between the temperature and accretion rates of the stars [Hart-

mann et al., 1998].
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Figure 3.2: Plot showing Ṁacc against Teff , where stars in different mass
groups are shown in different colors: blue dots for stars with mass lesser than
1.5 M⊙, orange dots for stars in the mass range 1.5-3.5 M⊙ and green dots for
stars with masses greater than 3.5 M⊙.

Fig 3.3 shows the plot of the stellar mass and accretion rates determined in

Chapters 2 and 3, respectively. The stars in different age groups are shown in

different colored dots: the stars younger than 5 Myr are represented by blue

dots and stars older than 5 Myr are represented by orange dots. It is seen that

the older stars are seen to have lower accretion rates compared to the younger

stars. Fig 3.4 shows the plot of the stellar mass and accretion rates where the

stars are grouped based on their masses.

In this work, I obtained the relation as Ṁacc ∝ M7.69±0.50
∗ . Fairlamb et al.

[2015] obtained that for HAes the best fit of M∗ and Ṁacc is shown to be

Ṁacc ∝ M8.42±1.37
∗ and HBes have a shallower relationship, Ṁacc ∝ M2.82±0.39

∗ .

In general, for all Herbig stars, the relationship is seen to be Ṁacc ∝ M2.0±0.2
∗

(Muzerolle et al. [2005]; Natta et al. [2006]). Herbig stars have higher accretion

rates than CTTs and a steeper relationship than CTTs is observed between

the accretion rate and stellar mass for Herbig stars. This might be because
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Figure 3.3: Plot of accretion rates against the mass of the stars, where the
stars younger than 5 Myr are shown in blue dots and the older stars are shown
in orange dots.

Herbig stars are in the early stages of accretion. The relationship for CTTs is

shallower: M∗ ∝ Ṁ2.0
acc [Tilling et al., 2008].

Fig. 3.5 shows the plot of the stellar luminosity and accretion luminosity. The

stars in the different mass ranges are shown in different colored dots. The stars

with mass lower than 1.5M⊙ is shown in blue dots, the stars in the mass range

1.5-3.5 M⊙ are shown in orange dots and the stars with mass greater than 3.5

M⊙ are shown in green dots. By definition, massive stars have greater stellar

luminosities and the massive stars in this work follow that and also they are

seen to have greater accretion luminosities compared to the lower mass stars.

In this work, the relation between the luminosity of the star and the accretion

luminosity is obtained as Lacc ∝ L1.43±0.45
∗ . Fairlamb et al. [2015] determined

the best fit to be Lacc ∝ L1.07±0.06
∗ . This is in agreement with Mendigut́ıa et al.

[2011], where they found Lacc ∝ L1.2
∗ for Herbig stars. Like earlier compar-

isons, HAes are seen to have a relationship Lacc ∝ L1.53±0.14
∗ and HBes have
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Figure 3.4: Plot of accretion rates against the mass of the stars, where stars
in different mass groups are shown in different colors: blue dots for stars with
mass lesser than 1.5 M⊙, orange dots for stars in the mass range 1.5-3.5 M⊙

and green dots for stars with masses greater than 3.5 M⊙.

a shallower relationship, as seen in the other comparisons, Lacc ∝ L0.84±0.13
∗ .

CTTs also follow a similar trend, where, Lacc ∝ L1.5
∗ (Natta et al. [2006]; Till-

ing et al. [2008]). These relationships that were obtained suggests that stellar

luminosity and the accretion luminosity are tightly correlated, but the exact

relationship changes in exponent as the stars cross into the HBe regime.

The relationships studied indicate that the accretion rate is an evolutionary

property of the Herbig stars. The accretion rate decreases as the star ap-

proaches the Main-Sequence, and this is might be due to the loss of the mate-

rial in the disc around them due to accretion onto the star, photoevaporation

or planet formation. Discs dispersal explained in the context of photoevapo-

ration suggests that the lifetimes of the discs are shorter for high mass stars

[Gorti and Hollenbach, 2009]. This explains that the HAes have a steeper
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Figure 3.5: The accretion luminosities are plotted against the stellar lumi-
nosities, where the stars in different mass ranges are shown in different colors:
stars with mass lower than 1.5 M⊙ are shown in blue, stars in the mass range
1.5-3.5 M⊙ are shown in orange and those greater than 3.5 M⊙ are shown in
green.

relationship, compared to HBes, as we could be observing the transition stage

of disc dispersion as the star approaches the main sequence, resulting in a

decreased accretion rate, while HBes have a shallower relationship as they are

always younger and might not have existed long enough for the disc dispersal

to happen. This makes them similar to CTTs.
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3.4 IR Excess Measurements

Studying the IR excess provides a better understanding of the presence and

distribution of dust in the disk around the star [Roessiger, 1977]. The ob-

served spectra are a result of the four different combinations: the young star’s

photosphere, IR excess from the disk around the star, energy emitted in the

IR during the accretion process and the interstellar extinction (AV , which is

computed in the second chapter for each star) [Prato et al., 2002]. Every star

radiates in the IR, but an excess emission signals the presence of a dust around

the star. For stars with strong emission, free-free and bound-free emission

might also contribute to the spectra. On the other hand, for absorption-line

objects the contribution from the free-free and bound-free emission to the

spectra is negligible. Thus, these processes are not taken into account while

considering the probable contributions to the observed spectra [Prato et al.,

2002].

In this work, I have used the ratio of the dereddened observed flux and the

photospheric flux at K-band, at λ = 2.2 µm, to determine the IR excess.

IRexcess =
DereddenedObserved F lux

PhotosphericF lux
(3.7)

The photospheric flux is the photospheric emission of the star. It is obtained

from the BOSZ model spectra for particular stellar effective temperatures of

the stars, which is derived in Chapter 2. The K-band magnitude of the stars

(shown in table 3.3) is taken from the 2MASS All-Sky Point Source Catalog

(PSC) [van Dyk, 2000] and it is used to derive an observed flux which is then

dereddened using the extinction derived in Chapter 2; this is the dereddened

observed flux. The ratio of the dereddened observed flux and the photospheric

flux is calculated as the IR excess at K-band.

Table 3.3 shows the values of the observed flux from the target spectra, the

photospheric flux from the BOSZ model at K-band along with the excess

obtained. It is seen that the excess obtained varies for each star. I will now
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discuss how the IR excess varies with age and accretion rates of the stars.

Figure 3.6 shows the plot between the age of the stars and the IR excess

obtained. The stars in the mass range 1.5-3.5 M⊙ are represented by blue

dots and the stars above 3.5 M⊙ are represented by orange dots. It is seen

that there is no steady relationship between the age and the IR excess for our

sample.

Figure 3.6: The figure represents the plot between age and IR excesses of the
stars, where stars in different mass ranges are shown in different colors: blue
dots represent stars in the range of 1.5-3.5 M⊙ and orange dots represent stars
with mass greater than 3.5 M⊙.
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Almost all the stars of all age groups are seen to have excesses in the range

of 0-2.2, but a few stars with an age of about 2Myr are seen to have higher

excesses. It is seen that all stars with their mass greater than 3.5 M⊙ have

excesses in the range of 0-1.5, but a few lower mass stars in the range of 1.5-3.5

M⊙ are seen to have higher excesses than the 0-1.5 range. Younger stars have

more material present in the discs around them as the stars are still accreting,

compared to the older stars. This is because the material in the discs around

the older stars might be lost due to photoevaporation or due to accretion onto

the star or due to the planet formation [Gorti and Hollenbach, 2009]. This

tells us that the the younger stars will have more dust than the older stars

and can have higher excesses than the older stars. But in this work that trend

is not followed and a few older stars have higher excesses compared to the

younger ones.

Figure 3.7: The figure represents the plot between the accretion rates and IR
excesses of the stars, where stars younger than 5 Myr are represented by blue
dots and stars older than 5 Myr are represented by orange dots.
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Figure 3.7 shows the accretion rates of the stars plotted against the IR excesses

obtained. The stars younger than 5 Myr are represented in blue dots and

the stars older than 5 Myr are represented in orange dots. It is seen that

younger stars have higher accretion rates compared to the older stars. There

is no clear relationship between the IR excess and the accretion rates in the

sample of this work, but low accretors all have relatively lower IR excesses

while there is a spread for high accretors. The lack of trend is not entirely

unexpected because IR traces the dust and the accretion traces the gas around

the stars and the stars can have variable accretion rates with time. Hence,

a generalised relationship between the accretion rates and the IR excesses

cannot be obtained for the targets in this sample.
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Table 3.1: Equivalent width (EW) measurements of the Hα line for all targets.

Name EWobs EWint EWcorr Fλ Fline

(Å) (Å) (Å) (W m−2 Å
−1
) (W m−2)

HIP 22112 -9.14 ±0.14 4.74 ±0.35 -13.88 ±0.40 2.37 (±0.20) E-15 3.29 (±0.27) E-14

HIP 23201 -4.76 ±0.20 6.06 ±0.18 -10.82 ±0.23 2.82 (±0.22) E-15 3.05 (±0.24) E-14

HIP 25763 3.61 ±0.08 3.30 ±0.07 0.31 ±0.10 7.52 (±0.43) E-16 2.33 (±0.14) E-16

HIP 28561 -6.07 ±0.90 6.61 ±0.81 -12.68 ±0.97 5.98 (±0.31) E-15 7.58 (±0.39) E-14

HIP 29635 -4.48 ±0.11 4.79 ±0.15 -9.27 ±0.16 5.09 (±0.24) E-15 4.72 (±0.22) E-14

HIP 30448 -5.70 ±0.21 4.34 ±0.17 -10.04 ±0.27 6.85 (±0.39) E-15 6.88 (±0.40) E-14

HIP 38779 -3.82 ±0.06 4.34 ±0.12 -8.16 ±0.17 4.95 (±0.26) E-15 4.04 (±0.22) E-14

HIP 48613 8.20 ±0.2 7.98 ±0.9 0.22 ±0.05 1.14 (±0.04) E-14 2.47 (±0.07) E-15

HIP 57027 3.85 ±0.10 3.90 ±0.11 -0.05 ±0.15 3.44 (±2.26) E-15 1.72 (±0.88) E-16

HIP 57143 -11.40 ±1.1 3.69 ±0.86 -15.09 ±1.35 4.12 (±0.24) E-15 6.22 (±0.38) E-14

HIP 61738 -12.22 ±0.77 4.10 ±0.96 -16.32 ±1.21 8.95 (±0.00) E-15 1.46 (±0.00) E-13

HIP 74911 -4.56 ±1.09 4.57 ±0.65 -9.13 ±0.96 2.13 (±0.02) E-14 1.95 (±0.01) E-13

HIP 77289 -15.57 ±0.23 3.93 ±0.36 -19.50 ±0.58 3.33 (±0.18) E-15 6.49 (±0.34) E-14

HIP 81710 -10.63 ±0.08 3.69 ±0.56 -14.32 ±0.87 9.36 (±0.46) E-15 1.34 (±0.06) E-13

HIP 92364 -3.22 ±0.89 4.91 ±0.36 -8.12 ±0.77 2.48 (±0.22) E-15 2.02 (±0.18) E-14

HIP 94260 -1.82 ±1.20 7.98 ±1.68 -9.80 ±1.09 2.94 (±0.10) E-15 2.88 (±0.10) E-14

TYC-461-622-1 3.03 ±0.30 3.32 ±0.35 -0.29 ±0.50 4.97 (±0.30) E-16 1.43 (±0.09) E-16

TYC-9329-60-1 3.58 ±0.90 3.64 ±0.45 -0.06 ±0.87 3.97 (±0.14) E-16 2.24 (±0.08) E-17
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Table 3.2: Table showing the corrected equivalent width, line luminosity, ac-
cretion luminosity and accretion rates of all the targets.

Name EWcorr log(Lline) log(Lacc) log(Ṁacc)

(Å) (L⊙) (L⊙) [M⊙/yr]

HIP 22112 -13.88 ±0.40 −0.43+0.03
−0.04 1.66+0.03

−0.04 −5.85+0.04
−0.08

HIP 23201 -10.82 ±0.23 −1.17+0.03
−0.03 0.92+0.04

−0.03 −6.73+0.04
−0.04

HIP 25763 0.31 ±0.10 −3.56+0.02
−0.03 −1.47+0.02

−0.03 −8.81+0.02
−0.04

HIP 28561 -12.68 ±0.97 −0.77+0.02
−0.02 1.32+0.02

−0.02 −6.13+0.01
−0.08

HIP 29635 -9.27 ±0.16 −0.97+0.02
−0.02 1.12+0.02

−0.02 −6.32+0.06
−0.03

HIP 30448 -10.04 ±0.27 −0.83+0.02
−0.03 1.26+0.02

−0.03 −6.20+0.02
−0.05

HIP 38779 -8.16 ±0.17 −0.24+0.02
−0.03 1.85+0.02

−0.03 −5.50+0.06
−0.02

HIP 48613 0.22 ±0.05 −3.12+0.01
−0.02 −1.03+0.01

−0.02 −8.44+0.05
−0.11

HIP 57027 -0.05 ±0.15 −4.23+0.19
−0.27 −2.14+0.19

−0.27 −9.49+0.23
−0.35

HIP 57143 -15.09 ±1.35 −0.46+0.03
−0.02 1.63+0.03

−0.02 −5.91+0.06
−0.09

HIP 61738 -16.32 ±1.21 −0.86+0.00
−0.00 1.22+0.00

−0.00 −6.38+0.01
−0.04

HIP 74911 -9.13 ±0.96 −1.19+0.01
−0.00 0.90+0.01

−0.00 −6.72+0.01
−0.04

HIP 77289 -19.50 ±0.58 −0.51+0.02
−0.03 1.58+0.02

−0.03 −5.91+0.05
−0.10

HIP 81710 -14.32 ±0.87 −0.64+0.02
−0.02 1.45+0.02

−0.02 −6.23+0.08
−0.04

HIP 92364 -8.12 ±0.77 −1.34+0.03
−0.04 0.75+0.03

−0.04 −6.69+0.04
−0.03

HIP 94260 -9.80 ±1.09 −1.20+0.02
−0.01 0.89+0.02

−0.01 −6.51+0.07
−0.04

TYC-461-622-1 -0.29 ±0.50 −3.99+0.03
−0.03 −1.91+0.03

−0.03 −9.36+0.05
−0.04

TYC-9329-60-1 -0.06 ±0.87 −4.28+0.01
−0.02 −2.19+0.01

−0.02 −9.54+0.02
−0.03
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Table 3.3: IR Excess measurement at K-Band for all the targets.

Name K-band magnitude Dereddened Observed Flux Photospheric Flux IR Excess

(mag) (W m−2 Å
−1
) (W m−2 Å

−1
)

HIP 22112 7.432 1.20 E-16 3.31 E-17 3.63

HIP 23201 6.878 2.10 E-16 4.20 E-17 4.99

HIP 25763 8.063 3.40 E-17 3.32 E-17 1.02

HIP 28561 6.392 1.13 E-16 9.53 E-17 1.18

HIP 29635 6.529 1.04 E-16 8.50 E-17 1.22

HIP 30448 6.307 1.23 E-16 1.09 E-16 1.13

HIP 38779 6.534 1.16 E-16 7.90 E-17 1.46

HIP 48613 5.737 2.10 E-16 2.20 E-16 0.95

HIP 57027 5.847 1.76 E-16 1.31 E-16 1.34

HIP 57143 6.720 1.19 E-16 5.89 E-17 2.03

HIP 61738 6.102 2.51 E-16 1.33 E-16 1.89

HIP 74911 4.428 7.01 E-16 3.36 E-16 2.09

HIP 77289 6.860 7.88 E-17 5.06 E-17 1.56

HIP 81710 5.771 2.05 E-16 1.34 E-16 1.53

HIP 92364 7.118 1.35 E-16 4.25 E-17 3.17

HIP 94260 5.995 2.03 E-16 5.64 E-17 3.59

TYC-461-622-1 8.055 3.39 E-17 2.18 E-17 1.56

TYC-9329-60-1 8.512 1.98 E-17 1.61 E-17 1.23
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Chapter 4

Discussion

The stellar parameters like effective temperature, surface gravity, extinction,

luminosity, mass, radius and age of 18 Herbig stars were determined using a

homogeneous approach which is discussed in Chapter 2. Using these stellar

parameters and by measuring the equivalent widths of the Hα emission line,

the accretion rates of the stars were determined. The IR spectral index was

determined to measure the IR excess of the stars in Chapter 3. I will now

include the literature results of additional 4 stars for which the parameters

and accretion rates were determined in a similar fashion. I will complement

my results with the results obtained for another sample of intermediate-mass

stars [Fairlamb et al., 2015] where the same type of observations and analysis

methods were used. 4 stars in the mass range 1.5-3.5 M⊙ in my sample are

younger than 5 Myr and 31 stars in the same mass range are younger than 5

Myr from Fairlamb et al. [2015], but I also compare to stars older than 5 Myr

(5 in my sample and 32 in Fairlamb et al. [2015] sample).
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4.1 Additional Targets

27 targets were excluded in the beginning as they were already in the archive.

Their parameters are determined and accretion rates measured from the data

obtained using XShooter. Among the 27, I found 4 stars for which the pa-

rameters for those stars were determined by following a homogeneous method

similar to that followed in this work. They are included to the list of the 18

Herbig stars which were studied in the previous chapters to provide a broader

understanding.

Table 4.1 shows the list of the stars with their parameters: Teff , log(g), AV ,

L⊙, M⊙, R⊙, D, Age, and line diagnostics like log(Lline), log(Lacc) and accre-

tion rate log(Ṁacc). The stars were chosen from different literature sources.

HIP 56379, HIP 78092, HIP 87819 were taken from Fairlamb et al. [2015] and

HIP 85755 was taken from Mendigut́ıa et al. [2011]. Fairlamb et al. [2015]

used the data from XShooter and followed the method used by Montesinos

et al. [2009] and determined the accretion rates using the equivalent width

of the Hydrogen alpha, Hα, emission line of the Balmer series. Mendigut́ıa

et al. [2011] chose the stars and considered the parameters determined by

Montesinos et al. [2009], and determined the equivalent width of Hα, which

was used to determine the accretion rate.

4.2 Discussion

I determined the accretion rates for the entire sample in this work in Chapter

3. In this section I will be comparing the results obtained in this work with the

previous detections in Herbig stars in literature. Since our criteria of choosing

the stars was that they are younger than 5Myr and in the mass range 1.5-3.5

M⊙, the stars satisfying the similar criteria are chosen from Fairlamb et al.

[2015] to compare with the stars in this work. Fairlamb et al. [2015] is chosen

to do the comparison as the same methods that are used in this work are used

to determine the parameters as well as the accretion rates for the sample in
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Figure 4.1: The first figure shows Teff vs Ṁacc for each target of the sample
in this work compared with the values obtained for a selected sample from
Fairlamb et al. [2015]; the second figure shows the same targets placed on the
HR Diagram with isochrones and evolutionary tracks; The stars younger than
5Myr are shown in blue color and the stars older than 5Myr are shown in
orange color.

their work. They worked on a sample of 91 Herbig stars across all mass range

and ages to provide a spectroscopic survey of the Herbig stars. They chose

51 stars from The et al. [1994] and 40 from Vieira et al. [2003]. From their

sample of 91 stars, I have chosen the stars which fall in mass range 1.5-3.5 M⊙.

I have separated the chosen sample into two categories based on their ages,

one being younger than 5 Myr (36 stars) and the other being older than 5 Myr

(37 stars). To this selected sample from Fairlamb et al. [2015], I have included

the stars which fall in the same two categories to make comparisons. They

used the Balmer excess to determine the accretion rates, but provided the

measurements of the Hα line, such as equivalent widths and line flux in their

work, using which I calculated the accretion rates for the selected sample from

Fairlamb et al. [2015], as I used the same method in this work to calculate the

accretion rates for the entire sample. They determined that the accretion rates

were in the order of 10−5−107 M⊙/yr for stars younger than 5 Myr and in the

order of 107 − 109 M⊙/yr for stars older than 5 Myr, and obtained the results

that the accretion rate decreases as the stars grow older and approach the

main sequence. The accretion rates are plotted against stellar parameters like

Teff , M∗ and L∗ of the stars to compare our sample to the trends established

in the aforementioned work.
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Figure 4.1 shows the plot between the accretion rate (Ṁacc) of the stars versus

the effective temperature, Teff . Teff was obtained in Chapter 2 and Ṁacc was

determined in Chapter 3 of this thesis, combined with the values obtained for

the selected sample from Fairlamb et al. [2015] and stars placed on the HR

Diagram. As explained in the previous paragraph, the stars are divided into

two categories of stars younger and older than 5 Myr. The stars younger than

5 Myr are shown in blue dots and the stars older than 5 Myr are shown in

orange dots. It is seen that younger stars in the sample of this work have higher

temperatures and the young stars are seen to have higher accretion rates when

compared to the older stars. The young stars tend to be more massive in my

sample and hence are hotter. In general, young stars accrete more compared

to the older stars, implying that Ṁacc increases with temperature.

In this work, for Herbig stars with temperature 10000K and lower , the accre-

tion rate is in the range of 10−9 and 10−10 M⊙/yr. For stars with Teff above

10000K, Ṁacc is in the range 10−6 - 10−8 M⊙/yr. The Fairlamb et al. [2015]

sample has its values of accretion rates very similar to the values obtained in

this work. According to the results obtained by Fairlamb et al. [2015], for the

stars with effective temperature less than 10000K, Ṁacc is in the range 10−6

to 10−10 M⊙/yr and for stars hotter than 10000K, Ṁacc is higher than 10−7

M⊙/yr . The small variations in the values of Ṁacc obtained by Fairlamb et al.

[2015] and the results obtained in this work might be due to the sources of

the chosen distance or photometry, or because of the different models used to

compute the effective temperature and surface gravity [Fairlamb et al., 2015].

Figure 4.2 shows the the plot between the stellar mass and the accretion rates

obtained in the Chapters 2 and 3, respectively, along with the selected stars

which are included from Fairlamb et al. [2015]; the criteria of selection is

explained at the beginning of this section. The stars are color coded based

on their ages, blue dots showing the younger stars (< 5 Myr) and the oranges

ones showing the older stars (> 5 Myr). It is clearly seen that younger stars

have higher accretion rates compared to the older stars which are found to

have lower accretion rates. The younger stars are seen to have their accretion

rates in the range of 10−5 − 10−8 M⊙/yr and the older stars have accretion
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Figure 4.2: The figure shows log(M∗) vs log(Ṁacc) for each target of the sample
in this work compared with the values obtained for a selected sample from
Fairlamb et al. [2015]. The stars younger than 5Myr are shown in blue color
and the stars older than that are shown in orange color.

rates in the range of 10−7 − 10−9 M⊙/yr. Fairlamb et al. [2015] also obtained

similar results, where the accretion rates of younger stars (< 5 Myr) were in

the range of 10−5− 10−7 M⊙/yr and that of older stars (> 5 Myr) were in the

range of 10−7 − 10−9 M⊙/yr. Though, a few young and old stars are found to

have similar accretion rates: 10−7 M⊙/yr. The best fit obtained gives Ṁacc ∝

M3.2±0.60
∗ . Fairlamb et al. [2015] obtained the relation as Ṁacc ∝ M2.47±0.70

∗ for

the plot where he compared the values he obtained with the values obtained

in the literature.

As seen in the plot, there are no targets in the right half of the plot, as the

targets under consideration fall in the mass range: 1.5-3.5 M⊙. To compare

with the literature results considered, they also obtained similar results. The

main result explains that the stars younger than 5 Myr have higher accretion
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rates compared to the older stars which are found to have lower accretion

rates.

Figure 4.3: The figure shows log(L∗) vs log(Lacc) for each target of the sample
in this work compared with the values obtained for a selected sample from
Fairlamb et al. [2015]. The stars younger than 5Myr are shown in blue color
and the stars older than that are shown in orange color.

Figure 4.3 shows a plot of the stellar luminosity against the accretion lumi-

nosity,both determined in the Chapter 3, along with the values obtained for

the selected sample from Fairlamb et al. [2015]. The stars younger than 5 Myr

are represented in blue dots and the stars older than 5 Myr are represented in

orange dots.

It is seen that the younger stars are found to have higher stellar luminosity

and accretion luminosity than the older stars. In this work I obtained that the

stars younger than 5 Myr had the luminosities in the range of 50-1500 L⊙ and

the accretion luminosities in the range of 5-45 L⊙ and the older stars had their

luminosities less than 10 L⊙ and the accretion luminosities of about less than
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0.10 L⊙. When comparing with the results obtained for the selected sample

from Fairlamb et al. [2015], it was seen that the stars younger than 5 Myr had

their luminosities in the range of 15-165 L⊙ and their accretion luminosities

in the range of 1-40 L⊙. The older stars were seen to have luminosities 8-

15 L⊙ and the accretion luminosities in the range of 0.1-7 L⊙. The best fit

obtained gives Lacc ∝ L1.25±0.10
∗ . Fairlamb et al. [2015] determined the relation

as Lacc ∝ L1.13±0.03
∗ for the plot where he compared the values he obtained

with the values obtained in the literature.

In general, the values obtained in this work seen to agree with the values

obtained in previous literature of stars in the same mass range. The accretion

rates in this work are seen to increase with both temperature and luminosity,

which is similar to that seen in literature. In addition, accretion rate is greater

for massive stars and it decreases as the star approaches the main sequence.

The young stars in this sample tend to be more massive and accrete more as

they are young.
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Table 4.1: The stellar parameters for the stars in the literature.

Name Teff log(g) D AV log(L⋆) M⋆ R⋆ Age log(Lline) log(Lacc) log(Ṁacc)

(K) (cm/s2) (pc) (mag) [L⊙] (M⊙) (R⊙) (Myr) (L⊙) (L⊙) [M⊙/yr]

HIP 56379 9750+500

−500 4.34 (±0.06) 97 0.00+0.05
−0.00 1.29+0.14

−0.14 1.9+0.10
−0.10 1.5+0.10

−0.10 7.02+1.49
−1.49 -1.29 (±0.09) 0.804 -6.802

HIP 78092 6500+250

−250 3.93 (±0.08) 140 0.00+0.05
−0.00 0.90+0.12

−0.13 1.6+0.10
−0.10 2.2+0.10

−0.20 8.08+1.94
−1.63 -1.93 (±0.10) 0.158 -7.206

HIP 87819 9250+250

−250 4.30 (±0.20) 101 0.00+0.05
−0.00 1.23+0.23

−0.23 1.9+0.10
−0.10 1.6+0.00

−0.00 7.56+2.17
−2.17 -1.60 (±0.09) 0.486 -7.091

HIP 85755 10250+250

−250 3.6 (±0.00) 142 0.000.00−0.00 2.49+0.00
−0.00 4.2+0.00

−0.00 5.6+0.00
−0.00 0.7+0.00

−0.00 -1.23 (±0.00) 0.37 -7.000
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Chapter 5

Conclusions

This thesis discussed the spectroscopic study of Herbig Ae/Be stars. The

main objective was to determine the stellar parameters, accretion rates and

IR excess of the stars. This chapter is a summary of the work in this thesis,

along with the future prospects.

Herbig Ae/Be stars are Pre-Main Sequence stars having mass intermediate

to that of T-Tauri stars and Massive Young Stellar Objects. These objects

are ideal for studying as they are optically visible. To study the accretion

rates and IR excess of these stars it is necessary to first determine the stellar

parameters. In this work I determined the properties of a total of 18 stars using

the spectra obtained using the XShooter instrument covering the wavelength

range 3000-24800 Å, and measured their accretion rates and IR excesses.
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Chapter 1 introduces topics like the star formation, Herbig stars and the proto-

planetary disks around them, required to understand the thesis better. Chap-

ter 2 discusses the sample selection and the homogeneous methods used to

determine the stellar parameters. After their parameters were determined the

stars were placed on the HR diagram and the young nature of the stars were

confirmed and it was seen that the young stars in my sample tend to be more

massive and hence are hotter.

Chapter 3 described how the accretion rates, Ṁacc, were determined for the

entire sample. It is an important information to understand how the Herbig

stars evolve. The accretion rates obtained was plotted against the stellar pa-

rameters obtained in the previous chapter to understand how the stars evolve.

It is seen that the accretion rates of young stars are higher than those of old

stars, indicating that the accretion rates decreases as the stars approach the

main sequence. The relationship between accretion rates and age is found

to be Ṁacc ∝ t−2.10±0.30, where t is the age, the relation between accretion

rate and mass is found to be Ṁacc ∝ M7.69±0.50
∗ and that between the stellar

luminosity and accretion luminosity is determined as Lacc ∝ L1.43±0.45
∗ . All

these relations are found to be similar to that obtained in the previous works

in literature, thus providing a broader set of sample to study about further.

The IR excesses of the sample was determined and it was found that there

is no clear trend between the IR excess and accretion rate in the sample in

this work, but low accretors all have relatively lower IR excesses while there

is a spread for high accretors. The lack of trend is not entirely unexpected

because IR traces the dust and accretion traces the gas and the stars can have

variable accretion rates with time.

In chapter 4, 4 stars which were already studied are included to the list of

18 stars which were studied in this work, to provide a broader understanding.

Their parameters and accretion rates were also recorded. Later in this chapter,

the values obtained in this work for Herbig stars were compared against those

obtained in the previous work on Herbig stars. The relationship between the

mass of the stars and the accretion rates for the overall sample (the sample

from this work and the sample taken from Fairlamb et al. [2015]) is obtained

as Ṁacc ∝ M3.2±0.60
∗ and that between the stellar luminosity and the accretion
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luminosity is obtained as Lacc ∝ L1.25±0.10
∗ . These relations are found to be in

agreement to that obtained in the previous works in literature.

Overall, the chapters in this thesis discussed:

• Determinations of the stellar parameters for the entire sample following

a homogeneous fashion.

• Measurements of the accretion rates and IR excess. In addition, com-

paring the accretion rate with stellar parameters to see how they are

related, and seeing how they vary for CTTs.

• Including the literature values and comparing the results of this work

with that in the previous works.

• The conclusions that younger stars in this sample are seen to be massive

and hence are hotter. Also, it is seen that young stars have higher

accretion rates compared to the older ones, implying that the accretion

rate decreases as the stars approach the main-sequence.

• The relationships between the accretion rates and stellar parameters

obtained is found to be similar to that obtained in the literature.

• The IR excesses obtained showed that IR excess doesn’t change with age

indicating that dust is present at later ages also. Although, stars younger

than 3 Myr are seen to have significant excesses. Also, high accretors

have significant excesses indicating that when discs are young, the stars

are young and they have high accretion rates and more excesses (in my

sample stars as young as 3 Myr). Beyond 3 Myr there is no significant

excess and also the accretion rates are low.
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5.1 Future Prospects

Lately, many studies have been conducted on Herbig Ae/Be to understand how

they function. Yet, there are many questions unanswered like how similar are

they to CTTs and how they accrete. This thesis provides information to help

create a better understanding of their accretion rates, how they vary with

stellar parameters and they are related to the IR excess.

This work presents a study of an unbiased sample of pre-main sequence intermediate-

mass stars, which is helpful to understand how these stars evolve. The IR

excess emission measurements obtained in this work will be used in combi-

nation with the mid-IR excesses and stellar photosphere to characterise the

inner disc and reveal inner hole sizes from the infrared Spectral Energy Dis-

tribution. Also, it would be valuable to systematically derive IR excesses for

all stars having high accretion rates to get a clear view if the excesses are high

when the accretion rates are high.
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and HD 100546 in the [O I] 6300 Å line: evidence for a giant planet orbiting

HD 100546. , 449(1):267–279, Apr 2006. doi: 10.1051/0004-6361:20054330.

B. Acke, M. E. van den Ancker, and C. P. Dullemond. [O I] 6300 Å emission
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