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Chapter 1

Introduction

1.1 Star Formation and Near-IR Astronomy

Even as we enter the next millenium, star and planet formation continues to be a
challenging problem in astrophysics. The advent of near-infrared focal plane arrays
in the last decade made a huge impact on our understanding of the star formation
phenomenon. Near-infrared (NIR) cameras have made it possible to study large
areas of star forming regions at high spatial resolutions with a high signal to noise
ratio. This has resulted in detailed study of many observational aspects of star
formation leading to verification of theories of low mass star formation (low mass
stars ~ 1 Mg). Recent “All sky surveys” in the NIR bands have also been possible
(2MASS, DENIS) due to the availability of large format focal plane arrays, which
has resulted in a census of star formation in the clouds of L1630, Taurus-Auriga,
Ophiuchus, and several other well known sites of star formation. It is important
to note that star forming regions are some of the brightest infrared sources in the
sky. Soon after the advent of infrared focal plane arrays, studies of low mass star
formation took the first priority in receiving the attention of researchers, mainly
because it provides a zoo of observables in the sky. The time scales involved in the
formation of a low mass star is of the order of ~ 10° yrs which makes it possible
to catch the various stages of star formation as an observable phenomenon in tile
sky. In comparison, the high mass star formation is more rapid (~ 10° yrs) and it
is therefore difficult to observe the various stages of the high mass star formation

in the sky. In the last one decade, this resulted in an enormous amount of data to



gas column densities are constant (self-similarity). This property of GMC’s reflects
on the fact that as it breaks into smaller and smaller pieces, the physical nature of
the clouds remains the same as it originally was. By observations, it is known that
GMC’s are filamentary in nature. One of the important questions that arises is that
if clouds are self-similar then what is the smallest entity in a molecular cloud that
finally begins to collapse to form a protostar and what is its size? Recent work by
Borranco et al. (1998) and Goodman et al. (1998) has shown that the smallest
non-self-similar entity in a molecular cloud is a dense core of sizes ~0.1pc and such
cores collapse to form an individual star. Reference to this work will be made again

in Chapters 4 and 5.

1.3.2 Protostars and T Tauri stars

One of the challenges in star formation studies has been to detect the youngest
objects possible, so that various phenomena related to infall and collapse could be
studied. In an attempt to identify the youth of the candidates for Young Stellar
Objects (YSO’s), Charles Lada classified them for the first time (Lada & Wilking
1984, Lada 1987) based on their spectral energy distribution (SED)in the infrared
wavebands longward of 2um (see Fig 1.1). This was possible mainly because of the
availability of the IRAS data for a large number of protostellar sources in the sky.
According to his classification, the spectral index, defined in the range longward of

2um, as

a= __dilil%_(q’:/_ﬂl—) (1.6)
is positive for the Class I sources, zero or negative for the Class II sources and nega-
tive for the Class III sources. The Class I sources peak at 60-100xm and have a SED
broader than the black body, with little or no radiation in the near-infrared. These
objects are also called embedded sources or protostars and are strongly enshrouded
by dust. The Class II sources mostly fall into the class of Classical T Tauri stars
(CTTS) and have significant IR and UV excess, they have less circumstellar dust

and are known to be associated with jets and disks. The Class III sources have a



photospheric emission spectrum close to that of a single black body and there is no
evidence for excess IR radiation. These sources mostly fall into the class of Naked

T Tauri stars (NTTS) (Walter 1987) and pre-mainsequence stars.

In the study of protostars the presence or otherwise of two important signa-
tures needs to be proved. Firstly, they should be deriving the luminous energy by
the infall kinetic energy indicating the extreme youth of the protostar. Secondly,
proof has to be obtained for ongoing infall which comes from the identification of
an inverse P-Cygni profile of the emission line observed from the source. Recently
it has been pointed out by Andre et al.(1993) that the Class I protostars do not ac-
tually derive their luminous energy from kinetic energy of the infall. These authors
have identified an earlier stage of objects called the Class O protostars that derive
their lJuminous energy by the infall kinetic energy and also show strong signatures
of infall. One conspicuous quality of the Class O protostars is that their submm
luminosities (measured at 350um) are higher than their bolometric luminosities.
This indicates that a large fraction of the mass is still present in the form of infalling
dust and gas, that is traced by the submm emission. On the other hand CTTS and
WTTS are optically visible stars. CTTS are strongly characterized by their lithium
emission line and the "veiling” of the photospheric features in the blue region of
the spectrum. In the near-infrared, they have strong Bry emission that was thought
to arise from disk winds but is now proved to arise from infall in a magnetosphere
(Najita et al. 1996)(see Fig 1.3). These stars possess optically thick disks, and are
the best candidates to study the dusty circumstellar disks along with associated jets,
to obtain an understanding of jet/disk connection. Microjets ( Solf 1987) arising
from these stars emit strongly in the forbidden emission lines, and are important
in the studies of jet/disk relationship. The WTTS are stars with optically thin disks
and are believed to have planetary systems that have already formed. These are

predicted to be the potential sites to look for new planets.
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1.3.3 Jets & Outflows from YSO’s

The discovery of emission line nebulosities around young stars in the L1630 cloud
by Herbig (1951) and Haro (1952) led to the study of mass loss phenomenon in
young stars. These nebulosities are now known to be regions of shocked material
around young stars and are called the Herbig-Haro objects. It was soon realised
that these shocked regions are due to high velocity stellar winds originating from
a young star. The discovery of high velocity CO line emission from the nearby
molecular clouds and the study of the emission morphology revealed that the high
v?_locity winds associated with the HH objects are traced out by the CO lines and
shown to be bipolar in nature (Snell et al. 1980, Rodriguez et al. 1980). Excellent
reviews on this topic can be found in Lada (1985) and Bachiller (1996). The differ-
ent components of the outflow material ére traced mainly by emission lines in the
millimeter (molecular component), infrared (molecular) and optical (ionized com-
ponent) wavelengths. Most of the mass in the outflow is traced by the emission lines
of CO isotopes indicating that the outflow mass is mainly residing in the molecular
component. Generally the outflows are collimated and have standard velocities (a
few km/sec to 20km/sec), but there also exist highly collimated, poorly collimated
and extremely high velocity(EHV) outflows ( Bachiller 1996). They are generally
believed to be driven by highly collimated jets that are seen in near-infrared and
optical emission lines. Molecular outflows provide estimates on the mass loss rates
from the young star and also an idea of the energy that goes out of the system.
The size and velocity of the outflows allow us to estimate the age of these outflows
which can then be compared with the age of their driving sources. It has been no-
ticed that the maximum outflow activity is associated with the Class O protostars as

driving sources ( Bachiller 1996).

The optical counterparts of collimated outflows are referred to as jets and
were discovered by Mundt and Fried (1983). They are called also as the HH jets
since the emission from these jets is similar to that seen in the HH objects. Infact

the HH objects are emission nebulosities associated with bipolar outflows, like, the

12



jets, knots and bowshocks. These objects emit in the emission lines indicative of
shocked material, the strongest lines being that of the sulphur [SII] (6717A and
67364) and Ho. Studies of the morphology of jets, their collimation factors (the
length to width ratio) can indirectly tell us about the physical processes involved in
their formation and collimation. Optical jets have collimation factors ranging from
5 to 30 (see Reipurth 1990). The jets are made up of several knots, working surfaces
and they terminate in a bowshock. The knots and multiple bowshocks in a single jet
indicate that the mass loss is an episodic phenomenon. The size of the jet combined
with its proper motion data allows an estimate of the age of the jet as in the case
of outflows. The proper motions also help us understand the homogeneity of the
surrounding medium and also the tilt angles of these bipolar outflows. This is due
to the fact that the two lobes of the jet/outflow plough into two different media and
the way they propagate will tell us about the medium itself. As mentioned earlier,
a majority of CTTS have microjets associated with them, that extend from less than
1” to a few arcseconds from the star. Longslit spectroscopy with the slit placed
along the outflow axis can reveal these microjets in the forbidden emission lines
allowing kinematic studies (Solf 1987, Hirth et al. 1997). Infrared counterparts of
HH jets/bowshocks/knots appear strongly in the emission of the shocked molecular
hydrogen at 2.122um and very weakly in the [Fell] emission at 1.645um (Davis
& Eisloffel 1995). An excellent example of a pulsed near-infrared jet is HH212
(Zinnecker et al. 1997) which happens to be the best text book example of a near-
IR flow. Another class of HH flows identified as giant HH flows or parsec scale flows
carry the history of the driving source and its evolution (Reipurth et al. 1998).
The parsec scale flows have “S” and “C” shaped symmetries that correspond to the
wobbling motion and translation of the driving sources with respect to the parent
cloud. Eisloffel & Mundt (1997) have shown similar effects for parsec scale HH
jets. Such large scale flows are also believed to pump in a lot of turbulence into the

surrounding medium of the young star and may help initiate further star formation.
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X-Wind
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Figure 1.2: Schematic drawing of the X-wind model from Shu, E H. & Shang, H.,
1997, in Eds: Reipurth, B., & Bertout, C., IAU 187 Symposium proceedings, Kluwer
Pub. Netherlands
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Figure 1.3: Schematic of an accreting T Tauri Star from Hartmann, L., 1997, in
Eds: Reipurth, B., & Bertout, C., IAU 187 Symposium proceedings, Kluwer Pub.
Netherlands
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1.3.4 Disks and Unified models

The amount of information obtained about mass loss from young stars through
studies of outflows have to be understood in an unifying theory that explains disks,
jets, winds and the evolution of a protostar. Although it was not possible to spatially
resolve the disks until recently by millimeter wave interferometers and HST, their
existence was inferred by several indirect methods. Important contributions and
surveys were made nearly a decade ago (Beckwith et al. 1990). Several basic prop-
erties of the disks like mass, temperature and limits on their sizes were estimated

using these earlier methods.

The first important fact that has come through the studies of outflows and
protostars is that the energetics involved in outflows and accretion process are com-
parable. The forbidden line emission associated with the outflows from T Tauri
stars is seen only from those stars that have near-IR excess which is attributed to
disks (See Chapter 5). Along with outflows that are known to be ubiquitous among
YSO's, disks are also very frequent (80%) in YSO’s. The existence of neutral winds
in some sources suggests that outflows may not originate from a hot photosphere
but from a disk. It is now fairly clear that the circumstellar disks are the energy
storage res.ervoirs that drive the outflows. Several models have been suggested to
explain the star/disk/jet connection and the most popular of them is by Shu et al.
(1994) called the X-celerator model (see Fig 1.2). According to this model the jet
originates at a boundary layer between the disk and the star called the X point.
The energy reservoir is due to the stored magnetic energy, angular momentum and
the thermal heating from the UV radiation of the star. The model suggests that the
energy is transferred to particles at this point which are then flung outwards along
the magnetic field lines. The particles are described to be “beads” guided along the
threads of magnetic field lines. The theory became popular ever since X rays were
discovered from YSO's, since the generation of X rays was predicted at the X point.
The mass is supposed to continue to accrete onto the star through funnel flows from

the disk.
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1.3.5 Pre-Main-Sequence Companions

Although it appeared, with the X-celerator model, that there is a unified theory
which explained nearly all the observed phenomena of protostars, jets and disks,
potential new problems have been pointed out that need to be addressed by the-
oretical models. It is now well known that nearly 50% of the young stars are bi-
naries (Beckwith et al. 1990). Recent surveys in nearby star forming regions have
demonstrated the existence of binaries in young low-mass pre-main-sequence stars.
If the young binaries are not identified, then the masses and ages of the binary
systems can be substantially misjudged, causing errors in the determination of the
Stellar Initial Mass Function and the reconstruction of the star formation history
(Zinnecker and Brandner 1997). There have been a class of companions to visible
T Tauri stars, called Infrared Companions (IRC’s) ¢ Herbst et al. 1995, Koresko et
al. 1997). IRC’s, as the name suggests, are companions which are invisible or just
barely visible in the optical and bright in the infrared. Their brightness in the in-
frared is attributed to ongoing accretion and is proven by the detection of shocked
molecular hydrogen emission in their spectrum (see Chapter 5). These facts make
it evident that the young companions form prior to the pre-main sequence stage
which argues against the random pairing of the field stars and therefore in favour
of correlated formation that needs to be explained by models. Further, it is noticed
that pairs of non-oriented jets arise from young sources which are putative bina-
ries (Gredel and Reipurth 1993). The misalignment of these jets indicates that the
circumstellar disks in binary systems may not always be coplanar. In view of these
upcoming evidences, binary formation theories have to be evolved and considerable

observational challenges exist in the forth-coming years.
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Chapter 2

Observations and data reduction

' This chapter describes the observations and data reduction made with the coun-
try’s first operational near-IR (NIR) camera PRLNIC. This is also the first document
. that describes the specific problems and solutions related to observing with PRL-
NIC. The techniques of NIR imaging and spectroscopic methods are discussed and
documented with a special emphasis on methods that are followed while observ-
ing with PRLNIC. The data required for this thesis have been obtained from other
facilities also. The data included in Chapter 5 were obtained with CCD’s on the
0.9m telescope at Kitt Peak National Observatory, USA, and with 2.3m telescope at
Kavalur Observatory, operated by Indian Institute of Astrophysics, India. Chapter 3
contains data obtained using the IRCAM3 and UFTI infrared cameras on the 3.8m
United Kingdom Infrared Telescope, Mauna Kea, Hawaii, USA. The details of such

observations and data reduction are described in the relevant chapters.

The techniques of infrared instrumentation and observation have developed
rapidly in the last 15 years and there have been a series of books which reflect
the various stages of this growth. The first book on infrared techniques with array
detectors was the conference proceedings on Infrared Astronomy held at Hawaii,
edited by Wynn-Williams and Eric Becklin (1987). Seven years later a similar con-
ference took place by which time major advancements were seen in the field and
the proceedings of this conference contains articles covering many basic aspects of
the observational methods (McLean 1994). Excellent articles on several studies in
astrophysics that were emerging around the detector arrays have been compiled in

a book edited by Elston (1991). A set of review articles on the current and future
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direction in various fields of astrophysics with NIR techniques, is covered in the
book “Infrared Astronomy” edited by Mampaso et al. (1993), and is the outcome
of a Canary Islands Astrophysics School. The most recent reference which gives a
detailed review of NIR methods and techniques, is the book “Electronic Imaging in

Astronomy” by Mclean (1997).

2.1 The Near-Infrared Sky

The near-infrared sky is several magnitudes brighter than the optical sky. The J
H & K bands of the NIR are typically 7,8, & 9 magnitudes brighter than the V
band of the visible region. If our eyes were to be sensitive to the NIR radiation,
then thé night sky would appear as bright as the optical twilight sky. The large
sky background in NIR is mainly due to the thermal continuum and line emission
from the airmass above us and therefore subtraction of background contribution
is an important task to be followed while observing in the NIR. This requires an
extra background observation for every source observation. Since the airmass at
any given geographical location is not stable and keeps changing with time and
elevation, it is necessary to observe the background quite frequently depending on
the characteristics of the site. The background variations can be as fast as a few
seconds or it can remain stable upto a few minutes depending on weather and site

conditions.

The biggest difference between the observations in the visible and infrared,
particularly at longer wavelengths is noticed while at the telescope. When an in-
frared image of a relatively faint object is obtained and displayed, almost nothing
is seen on the screen except the flat field pattern of the device that is due to the
huge background radiation. However, the background contribution alone can be
obtained by moving the telescope off the target to a relatively blank area of the sky
and repeat the exposure. If the difference of the two images is taken, only then it is

possible to ‘see’ the object on the computer screen.
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Background subtraction thus remains an essential part of all IR observations.
A standard observing procedure in IR is to obtain images in a sequence of “sky,
object, sky, object,...sky”. Nevertheless, the frequency of obtaining the sky images
and the techniques of data reduction vary slightly depending on the quality of the
site, instrument, season, type of object, type of observation and so on.. One has
to establish these procedures for a given instrumental set-up and site by making

sufficient amount of observations.

2.2 PRL Near Infrared Camera: PRLNIC

PRLNIC is India’s first operational infrared camera, a turn key instrument built by
Infrared Labs Inc. USA for PRL. The design is based on the Near-Infrared Camera
and Mulfi-Object Spectrograph (NICMOS3) concept and uses a 256x 256 HgCdTe
detector. The schematic of the camera along with the unit that couples it to the tele-
scope is shown in Figure 2.1. The /13 beam from the Gurushikhar 1.2m telescope
is directed by a gold coated 45° mirror, such that it enters the 50 mm entrance
aperture of the camera. Figure 2.2 shows the schematic of the LN; cooled "cold
chamber” of the camera that houses the optical components and the detector. Just
after the entrance aperture, the f/13 beam cah be intruded by a focal reducer using
which it can be compressed to an /6.5 beam that changes the camera field of view
(FOV) from 2 x 2’ to 4’ x 4. These options yield plate scales of 0.5"/mm and 1”/mm
respectively for the two FOV’s. The focal reducer lens is a plano convex doublet that
has BaF, and Fused Silica components. The beam then enters the filter wheels and
is focussed on the cold Lyot stop (aperture). Three Lyot Stops are available, circu-
lar and square apertures for imaging and a slit of width 75 pm (2 pixel wide) for
spectroscopy. The beam emerging out of the Lyot stop is collimated by a section of
a parabolic mirror that sends the collimated parallel beam on to a mirror/grating
assembly. This assembly can be rotated to switch between a plane mirror or a grat-

ing, to enable imaging or spectroscopic modes respectively. This set-up is called
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Figure 2.1: Schematic Diagram of the mechanical coupling of PRLNIC
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Table 2.1: Detector Array Characteristics

Detector 256x256 HgCdTe
Pixel size 40um

Readnoise 53 e~

Darknoise <0.7e /s

ADC 32 bit

Bad Pixels 46

Total yield (Usable Pixels) 99.9%

Linear range 1000-10000 ADU
Sytem Quantum Efficiencies

K band 28.91%

H band 18.30%

J band 32.75%

the Ebert-Frosty set-up. The parallel beam reflected by the mirror/grating assem-
bly is re-imaged by another section of the parabolic mirror. The converging beam
from this parabolic mirror is diverted sideways to fall on the detector, by a small
adjustable plane mirror. The characteristics of the detector are summarised in Table
2.1 and a list of available filters are given in Table 2.2. A tunable Fabry-Perot etalon
which is an optional instrument, is available as an extremely narrowband filter to
operate in the 2-2.5um region, as well as velocity fields at a rather coarse velocity
resolution. Chapter 6 describes the construction, operation and preliminary results

of the NIR Fabry-Perot Spectrometér.

2.2.1 Camera Operating Software

The camera operating software as of the date of writing this thesis, is quite primitive
and is a locally modified version of the basic software provided by the manufacturer.
It provides menu options to choose the image acquiring modes and also to control
the camera motors which drive the filter wheels and mirror/grating assembly. The

Three modes of acquiring NIR images (see McLean 1997)are available, namely
a) Single Frame Mode (Staring Mode)- Simple Read.
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- Table 2.2: List of filters for PRLNIC

Filter Amaz(tm) | AX(um) | Filter Amaz(pm) | AX(pm)
Wheel 1 Wheel 2

Home Home

[Fell] 1.645 0.0375 |J 1.253 0.296
H; S(1) | 2.1175 0.0429 |H 1.659 0.288
NB1 2.1352 0.0428 | K 2.185 0.408
Bry 2.164 0.0443 | K 2.120 0.360
CcO 2.3726 0.1013 | Blank

NB2 2.2169 0.0831 | Blank

Open Blank

b) Difference Frame Mode (Fowler Sampling)
¢) Multiple difference mode (Multiple sampling)
It is possible to choose the reset to read time, integration time and number of frames

for each of these modes.

2.3 Black Magic for the Black Box: PRLNIC

The turn key nature of PRLNIC and a possible hardware problem had resulted in
several difficulties related to acquiring and analysing the images in the standard
procedure suggested in the literature. This section discusses some non-standard,
but specific solutions to be followed to overcome the existing problems and still

obtain good quality data.

2.3.1 The Problem

When a single frame is acquired with PRLNIC and displayed on the screen, there
appear two strips of grey shade levels, occurring one each at the lower and upper
half of the detector area. These strips have count levels that are very different

from the average count of the frame. As one keeps acquiring the images in single
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difference frame mode (frames that are saved as D1, D2, ..in the PC), it can be
noticed that the two strips occur at different positions and their intensity levels
char;ge or they may totally disappear in some frames. Since the position and width
of these strips vary from frame to frame, the effects can not be removed by flat
fielding procedure. Luckily, the strips occur only when the detector is reset and
therefore the strips go off with time. Therefore, the problem exists only for the first
few seconds of acquisitioning after the detector is reset. There are two Analog to
Digital Converters (ADC’s) that operate on the detector, with each ADC controlling
two quadrants of the four quadrant chip. The problem mentioned above is thought

to originate due to a high value of the bias setting of the ADC’s.

2.3.2 The Solution

The solution is straight forward, once the behaviour of the problem is understood.
Acquire a sequence of exposures in the multiple difference frame mode and throw
away the first couple of frames of the resulting set of the multiple frame sequence.
For example, if the exposure consists of 10 frames, each with integration time of 60
sec, the frames will be registered on the disk as $1,52,...510. While processing it
will be required to discard the frame S1 (just to be sure discard S2 also) and use the
frames $2/S3-S10. This process should be repeated for every set of exposures made.
When a multiple difference frame-set is acquired, the detector is reset, and is read
in a non-destructive way at successive intervals of the integration time that is set by
the observer. A difference frame is generated by subtracting the successive "reads”
from one another. In the process of throwing away the first couple of frames, we
are essentially discarding the frames that retain the effects of resetting the detector
(the frames containing the strips). This procedure results in the wastage of some
observing time. However, the wastage is not much if one is observing in the K or K’
bands where the individual exposures are short, say 3-5sec, but can be significant
in the narrowband, J and H band imaging. The linear range of the detector is
found to be 1000-10000 counts. The optimum exposure times through various

filters while using PRLNIC + Gurushikhar 1.2m telescope, are background limited
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Table 2.3: Typical Exposure times through various filters

Filter K[K | H | J | narrowband

Exposure (insec) |2 | 5125|4075

and are given in Table 2.3. The exposure times should be such that the maximum
counts on the frame is less than 10000 counts with a mean value of 8000-9000
counts. The saturation begins by 12000 counts (some portions of the detector are

fully saturated) and at 16000 counts the detector is hopelessly saturated.

2.4 Observation and Data Reduction Procedures

The difficulties of NIR imaging described in section 2.1 are most severe at longer
wavelengths which is K band for this camera. H band has less thermal background
continuum contribution but a very high contribution from the atmospheric emis-
sion lines. A bit of both expertise and experience is required to effectively remove
the varying sky background in the K band between 2 and 2.5um. The following
sections describe the standard observing and data reduction procedures, with an
emphasis on the points to be taken care while observing specifically with PRLNIC.

The procedures are discussed for both the imaging and spectroscopic modes.

2.4.1 Imaging Mode

The most common and recommended mode for acquiring frames is the ‘difference
frame mode’ which uses a double correlated sampling. In this mode, options are
available to obtain single difference frames or multiple difference frames. The large
number of background photons fills the detector wells very quickly, which makes
it mandatory to acquire images of small exposures and co-add them to obtain the

required integration time on the sources. This enforces the choice of the multiple

28



difference frame mode to acquire NIR images. The standard set of frame required
for one complete observation are Source Frame, Sky Frame, Flat Frame, and Dark

Frame which are used to obtain a ‘Final Frame’ by using the rule,

SourceFrame — SkyFrame

FlatFrame — DarkFrame @D

FinalFrame =

Dark frames are important while performing good photometry. Several dark frames
are to be obtained and median-combined or averaged to form a final dark frame.
Since the dark levels fall in the non-linear range of the detectors, it is important to
obtain different dark frames of exposure times same as that of the source exposures.
The sky frames must be obtained as close in time as possible to the source frames.
It is customary to sandwich the source frame between two sky frames of the same
exposure as that of the object frames. The ‘midpoint frame’ obtained by the mid-
point of the two adjacent sky frames is the appropriate sky frame for the respective
object frame. In a sequence of ‘skyl, obj, sky2’ the correct sky frame is obtained by
performing an operation ‘(sky1+sky2)/2’. However, this is not very essential and in
some cases where photometry is not required, simple subtraction of the immediate
sky frame from the object frame may as well be sufficient. Sky subtraction does not
take care of the pixel to pixel quantum efficiency variations and therfore a flat field
has to be applied even after the sky subtraction. However, the sequence of applying
the sky and flat corrections can be different. There are two options to subtract the

sky background;

1)The object and sky frames are divided by the flat frames after which sky frames
are subtracted from the object frames. This will remove the time to time variation of
the sky background. This method becomes inevitable if the detector area is covering

a large field of view over which the sky background can have a pattern.

2) After the object and sky frames are divided by the flat field, a ‘Sky Value’ derived
from the respective sky frames can be subtracted from the object frames. This

technique will work only if the background is uniform over the entire detector and

29



does not have varying patterns. An advantage of this method is a gain in the noise

factor that results from the subtraction of a ‘SKY VALUE’ and not a ‘SKY FRAME'.
K and K’ bands 2-2.5ym

Owing to the high level of background, the K band exposure times are typically 2-4
sec at Gurushikhar observatory depending on the sky conditions. Therefore, it is
necessary to acquire a large number of exposures and co-add them to form the final
image. For typical integration times of 30 min to 1 hour, the total number of frames
can be a couple of thousands. Data storage and transfer of such large number of
frames can be very expensive and cumbersome. Some observatories therefore offer
the facilitiy to co-add the frames on-line and then store the images to the disk. If
the source is not extended beyond one quarter or one half of the chip, then it is best
to dither the object within the detector area so that, the necessary sky is obtained in
the subsequent source frame itself. Subtracting adjacent frames from one another
will remove the sky background. However, if the object is extended to cover more
than 70-80% of the detector area, then there is no escape to obtaining obj-sky-obj-
sky sequences. Generating a good flat field image is easier when a large number of
sky frames(100’s or 1000’s) are available. Median-combined sky frames will form
a good sky-flat. If the object is dithered, or if several sources are observed on a
particular night, then a good sky flat is obtained by simply median-combining all

the frames taken through a particular filter.

J, H and Narrow bands

The background levels in these bands are relatively much smaller and therefore in-
dividual exposures can be longer. This results in less number of frames for median-
combining for a given total integration time. Therefore, it is necessary to be careful
in obtaining appropriate flats and sky frames which can not be generated using ob-
ject frames or sky frames as described above. While acquiring the sky frame it is
important that an ‘empty’ area of sky be chosen. Any “source” registered in the sky
frame will not be effectively removed by the median-combining procedure, since

the total number of available frames for statistics will be small. An independent
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Figure 2.3: Schematic Diagram of the mechanical coupling of PRLNIC

flat frame should be obtained by pointing the telescope at a flat screen or twilight
sky. Dithering technique is still valid if the object sizes are small. Great difficulties
are encountered, particularly while observing sources close to the galactic center,
since finding an “empty sky” becomes very difficult. It may be required to nod the
telescope to a sufficiently large offset in order to find a fairly empty region of the
sky or an apriori planning of the sky position should be done before the start of the
observations. The same techniques apply even to the narrowband imaging, except
that the choice of sky is not very difficult since the source brightness is generally cut
off due to the narrowband of transmission and also line emission sources are less in

number compared to normal continuum sources.

2.4.2 Spectroscopy

One of the important contributions to the near-infrared sky background comes from
the telluric lines. A raw spectrum in the H and K bands can illustrate this fact very
clearly. Fig 2.3 shows the raw spectrum displaying the intense telluric lines in the
2.1-2.3um region. It is important to subtract these emission lines effectively to ob-

tain the source spectrum. The standard procedures for NIR observing are applied
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for spectroscopy as well with the sequence of sky-obj-sky frames. The job of obtain-
ing a sky frame is relatively easier with a long slit as that of PRLNIC, which covers
about 4’ in the wide field mode. For point sources, images are obtained with the
source placed at different points along the slit. However, it becomes necessary to
nod to an empty sky region while observing extended objects like emission nebulae
or galaxies. The atmospheric transmission is not uniform over the entire spectral
region of 1-2.5um. It varies with wavelength and the intensity of variation is de-
pendent on the airmass and time of observation for a given site. To correct for this
variation, it is necessary to obtain the transmission function particularly at the time
of observation. This is done by observing stars whose spectra are well-known. The
apriori knowledge of the spectra of the standard stars comes from modelling of the
stellar atmospheres. By observing such stars called spectral standards we can get
the transmission factor as a function of wavelength that will be utilized in correct-
ing for atmospheric effects. A list of spectral standards and their spectra are given
by Lancon & Rocca Volmarange (1992). The convention is to observe G or F type
dwarfs as spectral standards for the J, H, and the 2.1-2.3um region of K band and
early type stars(AO) for later part of K band. The G and F type dwarfs can have
CO overtone obsorption features in their spectra and is therefore not suitable as
a spectral standard in the K band. Likewise, the AO stars have all the hydrogen
recombination lines in the J and H bands and are therefore not suitable. While
observing in the regions of poor atmospheric transmission, for example, between
2.3 - 2.5 um, it is important to observe several standard stars of different spectral
types to ensure proper corrections. It is important that the standards be observed as
close to the sources as possible, both in time and airmass. Generally the standards
should be chosen such that they are within 0.1 airmass to the source. Flats are to
be obtained exclusively by illuminating the flat screen by an incandescent lamp.
Spectral calibration requires obtaining images with the flat screen illuminated by

standard spectral sources like Krypton/Argon/Xenon lamps.

The source frames are differenced with the sky frames to remove the sky

emission. It is then divided by a flat frame from which a dark frame has already
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been subtracted. Ideally, if one is interested in a good spectro-photometry then it is
required to correct for the wavelength dependence of the blackbody source used for
flat fielding. Generally, several frames are median-combined to form the final frame.
With PRLNIC, the image section of each exposure containing the spectrum is cut,
and all the cut pieces are median-combined to form a co-added (integrated) image.
The spectrum is extracted from this integrated image using APALL task in IRAF. Sim-
ilar procedure is followed for the spectrum of the spectral standard star. The spectra
of the sources are divided by the spectrum of the standard star observed at simi-
lar airmass. The resulting source spectra are multiplied by a blackbody spectrum
corresponding to the temperature of the standard star. Spectra obtained with the
PRLNIC are discussed in Chapter 4. The atmospheric characteristics of Gurushikhar
are such, that we have hardly been able to obtain meaningful data beyond 2.4pm in
any observing run during 1998-1999. The absorption factor is quite high resulting
in severe noise beyond 2.4um. However, the most important features in this region,
namely CO band-heads, fall within the 2.4um range and therefore, nothing much

is really lost due to atmospheric effects.

2.5 Future efforts

There are several modifications that are essential to standardize and improve the
camera. Although "black magic solutions” exist to remove the effects of a high bias
level, it is necessary to adjust the bias settings in the hardware and make it possible
to use the single difference frame modes as well. This will save a lot of observing
time when performing narrow-band imaging and spectroscopy. The existing slit is
75um and is 2 pixel wide. This will subtend a maximum angle of 2" in the wide
field mode. However, in the wide field mode the lens is in the path of the beam
resulting in a relatively low efficiency of transmission. The average seeing at Gu-
rushikhar is 2”-3”, and with the guiding errors put together, it is important to have
a slit of 4” that can cover the stellar disk safely during the exposure times. Spectro-

scopic observations, therefore, calls for an urgent requirement of a second slit (in

33



particular a slit of 150um width) that will be needed to improve the signal-to-noise
 ratio. It should also be noted that it is not possible to do spectral flux calibration
| using standard stars, because of the narrow slit that can not cover the entire seeing
disk during the exposure period. Observers are using target source photometry to
carry out the flux calibration. Therefore, a second slit which is twice the size of the
existing one will enable flux calibration using spectral standards. Several major im-
‘provement/ additions in the image acquisition software are required which should
be more user-friendly and that can write image headers automatically. An option
to sum the images during online observing using median or average programs will
help handling enormous amount of data storage memory. This is quite crucial since
the K band background levels are high and it is not possible to expose the detector
for more than 2-3 seconds in the best of the sky conditions. The common optics
box requires a modification asking for widening the entrance aperture. The edges
of the 4’ field get vignetted in its current status, thus, allowing only the central 3.5’
to be useful while doing accurate photometry. These improvements can make PRL-
NIC with Gurushikhar 1.2m telescope, a competent infrared observing facility. A
glimpse of its current performance can be seen in Fig 2.3. In Fig 2.3, the total FOV
is 8 x 8. The faint bar is seen at the bottom-left quadrant and is the famous orion
PDR, while the trapezium is nearly at the center. Several faint finger-like features

are seen at the top-right quadrant which are the bunch of Herbig-Haro objects.
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Figure 2.4: H, Image of Orin Nebula obtained through the 2.122um narrow-band
filter. The MOSAIC is composed by tiling four 4 x 4’ frames.
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Chapter 3

Cold Disk Structures in Protostellar
Envelopes

3.1 Introduction

Young low mass stars are born in the middle of dense molecular cores that are
traced by NH; emission (Myers and Benson 1983). Recently it has been shown
that dense cores are also the smallest structures in a molecular cloud that are not
self-similar. This means that the dense cores are discrete (non-fractal) entities in
a filamentary molecular cloud after the formation of which, gravitational collapse
becomes important (Borranco and Goodman 1998). Once a young star has formed
inside a dense core, there is sufficient material left in the surrounding envelope,
a part of which still accretes on to the star through a Keplerian disk (Shu 1987
and references therin). The inner disk is hot with temperatures exceeding 1000K
and extends upto 1-10AU and found in almost all young stars (Boss 1998). There
are disks that are warm (100-500K) and have radii of 10-300AU. These disks are
seen around T Tauri stars that have blown away most of the molecular material
around them and therefore do not show much CO emission. The objects of dis-
cussion here are a special class of envelopes surrounding young stars and are huge
(500-2000AU), cold (10-100K) and contain frozen ices in them. The envelopes
are coincident with the dense cores seen in NH3; emission and are shown to have
disk structures (Borranco and Goodman 1998 and references therin). We discuss
in this chapter the study of a unique dark cloud L43 which harbours two protostel-

lar objects RNO90 and RNO 91 that are known to have envelopes containing disk
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structures.

RNO91 is similar in many respects to the archetypal example L1551-IRSS,
in particular, for having a poorly collimated outflow (Davis et al. 1995) and a
large nebular protostellar envelope. The speciality of RNO 91, however, is due to
the presence of a huge envelope of radius 1700AU (10”) that has a disk structure
and contains frozen ices. Ices found on dust grains in a protostellar envelope are
referred to as “icy mantles” and have importance in the study of planet formation
(Chiar et al. 1998 and references therin). RNO 91 has been studied extensively by
various researchers independently as an outflow and as a disk. The outflow was
shown, currently not to be driven by a jet (Bence ét al. 1998). Weintraub et al.
1994 (hereafter W94) concentrated on the central disk portion and showed the

presence of ices in the envelope and a 1700AU disk structure.

The following work was motivated towards a search for infrared emission
from the center of the cold envelope and the weak outflow of RNO 91 which we be-
lieve would help in understanding the disk structures around RNO 90 and RNO 91.
We present here, the first near-IR spectroscopic and narrowband imaging studies
and describe the implications of having detected extended emission from shocked
molecular hydrogen from RNO 91. We bring out the importance of studying the cold
~ disk structures which may likely be associated with dense cores of relatively high
density or with certain physical parameters of the cloud. The key to understand

poorly collimated outflows also lies in studying clouds like that of L43.

3.2 The L43 dark cloud

The L43 dark cloud is situated in the northern part of the Ophiuchus complex at a
distance of 160 pc (Herbst & Warner 1981, hereafter HW81) presumably associated
with the Scorpius OB complex. It appears as a long strip of extinction with filamen-
tary structure extending over 1000” in length and 200” in width. Fig 3.1 shows the

POSS red plate which displays extinction over an area ~ 1.7 x 0.2 pc?, at PA 68°.
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The cloud was mapped in CO by Elmegreen and Elmegreen (1979) who found that
the CO emission from the cloud was extending roughly twice as far as the optical
extinction patch in all directions. Their 2CO and '°CO data revealed an elongated
core near the center of the molecular cloud, with a mass greater than 14Mg. Loren
(1981) deduced a density of 1.5 x 10° em~3 in this core, from H,CO observations
and indicated that the core was a likely site of star formation. Two opaque spots
in the core were identified by Myers, Linke and Benson (1983) on the POSS prints
(marked A, B in Fig 3.1), that were later shown to be associated with the NH; emis-
sion (Myers and Benson, 1983) indicating the presence of a dense molecular core

of 2.0Mo.

The cloud contains two stars surrounded by reflection nebulosities that were
catalogued in Cohen’s (1980) list of Red and Nebulous Objects as RNO 90 and
RNO91. RNO91 is situated at the center of the cloud, coinciding with the dense
core described above and RNO 90 lies about 5/ to the west of RNO91. Optical and
‘infrared photometry of these sources were obtained by HW81. Optical spectrum of
RNO 90 (HW81) and RNO 91 (Levreault 1988) classified both the objects as T Tauri
stars. The properties of the stars are listed in Table 3.1. Of the two, RNO 91 is seen
in the 12, 25, 60 and 100 pm maps (identifed as IRAS163116-1540) (Beichman
et al. 1986) and drives a weak CO outflow (Levreault 1988, Myers et al. 1988,
Mathieu et al. 1988). Molecular line studies of the L43 cloud in various species
have shown the existence of an outflow and a dense core. The emission from the
dense core and the outflow are in perpendicular directions, with the dense core
representing the surrounding disk region. We therefore discuss the outflow and the

dense core in separate sections.

3.2.1 The CO outflow in L43

The CO outflow of the L43 cloud is centered on RNO91 and has spatially separated
red and blue shifted lobes of unequal lengths. This indicates that the outflow may

be inclined to the plane of the sky at a moderate angle. The outflow has been
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Figure 3.1: POSS red image (negative) of L43 dark cloud. Notice the filamentary
nature of the cloud. Dense core is marked by A and B. The outflow lobes are marked
N and S representing the north and south lobes respectively.




studied in the millimeter emission of CO molecules by Levreault (1988), Myers et
al. (1988), Mathieu et al. (1988), Parker et al. (1988) and Bence et al. (1998).
The largest area has been covered by Bence et al. (1998) who show that the extent
of the outflow is twice as large as the optical extension of the cloud. The outflow
parameters are summarised in Table 3.1. The outflow has a strong asymmetry,
with the southern lobe more éxtended and more intense than the northern lobe.
Coincidentally this is true even in the case of L1551-IRS5. The northern lobe in
both objects does not show much emission and is much fainter compared to the
southern lobe. Some authors attribute this observation to insufficient amount of
swept up material to the north, while a few others attribute it to the inclination
angle effects. There is also a strong momentum (mv) asymmetry in the lobes. This
type of asymmetry is seen in several other outflows like NGC2024 and HH46-47
and is attributed to the lack of available ambient material for sweeping. Latest
maps by Bence et al. (1998) show a jet-like feature about 150" long, extending to
extreme southeast. Optical studies of RNO 91 by Mathieu et al. (1988) and Schild
et al. (1989) showed that there were no signatures of shocked emission associated
with the outflow. The low values of velocities observed in the molecular maps also

supports this observation.

We show in the following sections that there exists an extended H,v=1-0
S(1) emission at 2.122 um associated with this jet-like feature. We note that the
existence of a well collimated jet in the middle of this podrly collimated cavity is a

common feature between L1551-IRS5 and RNO 91.

3.2.2 LA43 dense core

The dense core was identifed optically ahd later in NH; emission by Myers and
Benson (1983). Mathieu et al. (1988) mapped the core in NH; (1.3mm) and CS
J = 2—1 emission at 3mm. The NH; emission is coincident with the opaque spots on
the POSS image, which are the regions of high extinction in the east-west direction.

They show that the spatial distibution of the NH; emission roughly anti-correlates
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Table 3.1: Observed parameters of L43 stars and outflow

Star d(pc) [M(Mg) ]| Age(yr) Type Loat (L) M
RNO91 160 0.5 1x10* MO.5 4.7 7.8
{RNO90 | 160 1.5 6x10° G5 3.9 6.5
Outflow M Age (yn) | M Mgyr™!) vV Vivind Vier
BNO 91 | 0.07 M, | 2.5x10* | 8.9x10™° |-3.5km s~1 | 300 km s | 0.7 kms™*

with that of the CO outflow emission. This tendency is notably different from that
found around IRS5 and the L1551 outflow, where the large scale NH3 emission is
coincident with and elongated along the axis of the outflow. The CS(2-1) emission
is relatively more extended but is still confined along the east-west direction. The
NHj; lines are very narrow having typical widths of 0.3 km s—1 outside the physical
boundaries of the outﬂow and upto 0.5 km s~! within the boundaries of the outflow.

The CS(2-1) line widths are about twice as large and range from 0.6 -1 km s~

Mathieu et al. (1988) noticed a steep gradient in the velocity field to the
east of RNO91. Beyond 1.5 (0.007 pc) east of RNO91 the velocity field is roughly
constant at 0.7-0.8 km s~!. However, at 1.5’ a steep gradient begins, with a slope of
~ 3.5 km s~! pc~! between this point and the star. The gradient exists to the west as
well, but not as strongly as it is to the east. A plot of Vi,, versus RA offset presented
by the above authors shows red and blue shifts in the emission with a spread of 0.4
km s-!. They arrive at a 2 km s~! pc™' gradient in both the NH3 and CS velocity
fields and suggest that if these gradients are associated with a rotation, then the
angular momentum vector is perpendicular to the outflow direction. The following
sections demonstrate the existence of a disk structure around RNO 91 which sup-
ports this suggestion. The central core has been imaged at 450 um by Bence et al.
(1998). They show that the emission comes from an elliptical region around the

peak that is centered on the FIR source RNO91. There is also a slight extension to
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the south, approximately aligned with the CO outflow axis. The total flux that they
measure is 92 Jy. They conclude that the emission is caused by light reflected in the
surrounding cloud of RNO91. This cloud is, in fact, the homogeneous dense core

out of which RNO 91 has formed.

3.3 RNO90: A T Tauri Star in L43

RNO90 is one of the two lonely‘ T Tauri stars in L43 and is seen to be surrounded
by a nebulosity on the POSS red plate (see Fig 3.2). The star is classified by Lev-
reault (1985) to be of G5 spectral type with a mass of 1.5 Mg and an age of 6x
10° yrs. The properties of the star have been listed in Table 3.1. A spectrum,
taken by the same author, also revealed strong H, emission (EW = 76A4) with a
flux of F(H,)=1.4x 1012 ergs cm~2? s~*. The object was first imaged in the I band
by Mathieu et al. (1988) along with RNO91. The surrounding nebulosity is seen
prominently in the I band iniage. However, there are no optical dark spots seen
around RNO 90 that may give a clear indication of the presence of a dense core. It
has been shown that there indeed exists a dense core surrounding RNO 90 that is
well seen in NH3 emission. The observafions of the L43 dense core by Mathieu et
al. (1988) were extended around RNO91 until the peak line intensity dropped to
below ~ 0.15 K. These observations covered only one side of RNO90 and there-
fore could not see the dense core associated with RNO 90. Additional and more
extended observations of the L43/RNO 90 region were carried out by Borranco and
Goodman (1998) who present the detailed NH; maps. As described in section 3.2.2,
there are velocity gradients associated with the dense core around RNO 91 which
are attributed to the rotation. Borranco and Goodman’s data on RNO 90 also bear
the same trend but with an additional fact that the axis of the gradients found in
the dense cores can be different from that of the surroundings. They find a gradient
of 1.0740.05 km s~! pc~! oriented at 108+4 degrees east of north associated with
the RNO 90 dense core. This is about half the value of what is found for the RNO 91

dense core.
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The latest optical spectrum of the central star of RNO 90 published by Cies-
linski et al. (1998) displays weak red continuum with emission lines of Balmer
series, Hel( A\ 5876, 6678), H (13968) and K(\3934) lines of Call. These authors
refer to a private communication with Quast & Torres for the proof of Lil (\6707)
absorption line taken with the Coude Spectrograph of the LNA on April 24, 1988.
These features are all strongly characteristic of a T Tauri star and confirm the clas-
sification of HW81. Aspin et al. (1997) have imaged the central 4” x 4" region
around RNO90 using the shift-and-add technique in the near-infrared to investi-

gate the presence of a binary companion and reported no obvious sources.

We present a 2.1-2.4um spectrum of RNO 90 in Fig 3.3. Positions of impor-
tant spectral features in this wavelength region are marked. There is an intense
Bry emission, Nal and Cal absorption that can be just noticed, and no clear CO
absorption features. The absence of CO overtone features and very shallow Nal and
Cal features are charecteristic of typical G type dwarfs and therefore our results
reconfirm the earlier classification by HW81. Further, the presence of strong Bry
emission is an indicator of winds in RNO90. There is no H; emission seen in our
spectrum and therefore do not indicate the presence of any outflow/accretion sig-
natures. There is no associated IRAS emission with this source. Therefore the SED
class of this object is not known by IRAS emission. However, the optical and NIR

data together suggest that it should be a ClassII or ClasslIII source.

3.4 Shocked molecular hydrogen from RNO 91

The near-IR molecular hydrogen emission lines are recognised as important tools in
studies of star formation (Shull & Beckwith 1982). The excitation of these lines in-
volves mainly two competing processes: (i) shock heating and (ii) UV fluorescence
(Burton 1992). It is possible, however, to distinguish between these two processes
by measuring the ratios of intensities of lines arising from two different vibrational
levels (Sternberg & Dalgarno 1989, Hora & Latter 1994). The origin of shocked

molecular hydrogen emission from the spatially unresolved region close to a star
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can originate from outflows or from accretion shocks in a disk, as in the case of
Infrared Companions (IRC’s) (Herbst et al. 1995, Koresko et al. 1997). It is also
possible that the emission can arise both from an outflow and accretion shocks, as

in the case of T Tauri.

While it is known that almost all outflows are driven by jets, the absence
of any shocked emission from RNO91 and a poorly collimated outflow made it
an interesting object where one would expect that a different mechanism must be
driving the outflow. It was indeed argued by Bence et al. (1998) that the slowly
expanding shell of the outflow was either driven by a wide angled wind or by the
thermal pressure of a hot, low emissivity medium interior to the shell. However,
the presence of a jet emitting in shocked molecular hydrogen was not looked for.
From another viewpoint, the existence of a disk structure and a thick envelope
around RNO91 suggested possible ongoing accretion which can result in shocked
emission of moleculér hydrogen. The following sections describe the first near-
infrared spectra and narrow band images of this object obtained by us in the K band
region. The detection of the H, v= 1-0 S(1) line at the source and its implications

are discussed.

3.4.1 Observations and Data Reduction

Near-infrared spectroscopic observations were made on March 25, 1998 at Gu-
rushikhar 1.2 m Infrared Telescope (GIRT), Mt. Abu, India. A Near-Infrared Cam-
era/Grating Spectrometer based on a HgCdTe 256 x 256 focal plane array was used
to obtain the observations. The grating spectrometer was used in a configuration
that yielded a resolving power of A /6 = 1000 with a 1”/pixel plate scale. The slit
was two pixels wide and oriented along the N-S axis. The atmospheric seeing and
image motions were below 2" during the observations, which was measured from
imaging data obtained just before the spectroscopic observations. Data acquisition
and reduction were done using standard procedures described in Chapter 2. We

used the RNO91 K band photometric fluxes (0.48 Jy) given by Myers et al. (1987)
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for flux calibrating the spectrum.

Narrow band (A) = 0.02um) images through H, (A = 2.122um), Bry(A =
9.165um) and continuum (A = 2.104um) filters were obtained under a United King-
dom Infrared Telescope (UKIRT) Service Observing Program on September 8, 1998
using the facility near-IR imager IRCAM3. IRCAM3 employs a 256 x 256 InSb ar-
ray; the optics used gives a pixel scale of 0.140". Unfortunately there was a small
defocusing problem that occurred during these observations due to variable seeing,
resulting in image elongation in the N-E, S-W direction. These uncertainties were
estimated to be about 1.2”. Continuum subtraction was not carried out because of
this focusing problem in these images. It should also be noted that there is some
ghosting present in these images. The ghostsin 3 different narrowband filters occur
at definite positions. These are identified as ghost images since they occur at exactly
the same position with respect to the main source both in the object and standard

star frames.

A new set of images were obtained again under the UKIRT service program
on March 17, 1999 using the new camera, the UKIRT Fast Track Imager (UFTD).
UFTI employs a 1024 x 1024 HgCdTe array; the optics used gives a pixel scale of
0.091”. The seeing was measured to be ~ 0.5”. Continuum subtraction was carried
out with these images but uncertainities remain: it is very difficult to do a proper
subtraction in the filter images since we were trying to detect faint H, emission in
the midst of strong IR continuum that is scatterred by the surrounding icy enve-
lope. This has led us to use low resolution, longslit spectroscopy to detect extended

emission from such objects (see section 3.8 for details).

3.4.2 Results

The contour map of the spectrum shown in Fig 3.4 displays the extended H, emis-
sion along the N-S direction (the slit axis) corresponding to the outflow axis. The
intensity peaks at -3” and +2" represent H; knots in the outflow. From the gaussian

fits to the continuum emission profile at different positions along the dispersion
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Figure 3.4: Contours of H, 2.122um line from RNO91 spectrum showing the ex-
tended emission. Notice the different lengths of emission in the N-S from the center
that indicates the tilt of the outflow axis. Continuum is partly subtracted using an
adjacent strip of the same spectrum, which has caused the artifact of width variabil-
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Figure 3.5: Spectrum of RNO91 integrated over 9 rows representing an area on-
source of 2"x 9.
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axis, we find that the FWHM of the continuum strip (measured N-S) is about 3.0”,
although the seeing on the night of observation was between 1.5-2.0". The ex-
tra width in the stellar continuum strip could be attributed to scattered light from
the cocoon surrounding the star. We have therefore extracted the source spectrum
by integrating the emission along three and then five rows, representing an on-
source area of 2”x 3" and 2x5". The relative intensities of the photospheric Nal
and Cal features remained the same in these two extractions. However, in the 3"-
wide extraction, the 2.122um line intensity was considerably smaller than in the
5" extraction, relative to the photospheric features. This shows that most of the H,
emission comes from outside the stellar close environment (photosphere + circum-
stellar region). This result confirms that the broadening of the continuum strip is

indeed due to scattered star light.

Fig 3.5 shows the spectrum of RNO91 in the wavelength region 2.05um to
2.3um. The spectrum is obtained by integrating nine rows, covering 9” along the
N-S slit axis centered around the star. The spectrum displays prominently the H,
»=1-0 S(1)line at 2.122um and the photospheric Nal and Cal absorption features at
2.20pm and 2.26um respectively. The 2-1 S(1) line at 2.247um is at the noise level
(1¢). The spectrum also displays the Bry emission line at 2.167um. These features
are marked in the figure. Most of the other features seen in absorption are telluric

in nature (Chelli et al. 1997).

The excitation mechanism for H, emission can be inferred from the 2-1
S(1)/1-0 S(1) flux ratio (e.g. Luhman et al. 1998). Conventionally, a 2-1 §(1)/1-0
S(1) ratio of less than 0.2 indicates shock excitation and for fluorescence this ratio
is about 0.5. An estimated upper limit to the 2-1 S(1) line flux yields this ratio to
be 0.16 or less, pointing strongly towards shock excitation. However, flourescent
excitation in a high density regime may also produce a ”shock-like” 2-1 S(1)/1-0
S(1) ratio, because of thermalization of low-energy vibrational levels (Sternberg &
Dalgarno 1989, Burton et al. 1990). In a high density region one would still expect

to see emission from the v=3 level at 10% of the 1-0 S(1) line (rather than 1%, as
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is expected in a shock; see e.g. Luhman et al. 1998). However, in our spectrum the
3-2 S(3) line is unresolved from Nal absorption, and the 3-2 S(1) line is outside the

wavelength range covered in the spectrum.

We resolve this issue by estimating the two most crucial parameters that
decide the efficiency of the UV fluorescence, namely, the gas number density and
the UV flux scaling parameter x (see Sternberg and Dalgarno 1989). We estimate
an upper limit for the gas number density to be 6 x 10° cm~3, considering an A, ~
9 (Myers et al. 1987), an outer disk radius of 1700AU (W94), and an inner disk
radius of 0.01AU corresponding to the dust evaporating radius for an MO star. Note
that this density is for a gas disk of 1700AU and the actual regions from where we
expect the H; emission are well below a radius of 200-300AU. On the other hand,
the UV flux scaling parameter x for an MO type star is much less than 1. From
these arguments, we conclcude that the UV fluorescence is expected to be of little

significance for the excitation of H, lines.

3.4.3 Discussion

From the spectrum we measure an H, flux of 7x10~4 ergs sec™! cm~? (integrated
over 3 rows, representing an area on-source of 2"x 3"). If we attribute this flux
to shocks, whose origin we do not know at the moment, we can estimate the mass

flow rate M using the relation

eL = GMM/R = 1/2Mv* 3.1

where e is the ratio of the total energy in the shock to the strength of the 1-0 S(1)
line, L is the observed H, line luminosity, and v the shock velocity. We adopt a value
for v of 30 km s, a value that is optimum for producing H, line emission. We also
assume that € = 50 (Smith 1995). Together, these yield an estimate for mass flux of

M=4x10"8 Mg yr .
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First, we look at the possibilities of an outflow as the source of this emission.
As demonstrated in the previous section, the relative change in the intensity of
H, from that of the photospheric features in the spectra extracted with different
widths of the continuum strip shows that the H, emission close to the star very
likely originates from a region different from that traced by the photospheric lines.
The fact that the H, line emission is extended along our N-S slit strongly suggests
that the H, is associated with an outflow. By observing line emission coincident with
the RNO91 stellar continuum, we may therefore be tracing the outflow all the way
back to the source. The total flux measured from the observed extended emission
(integ;ated over 9 rows representing an area on-source of 2"x9") is 1.5x 10713 ergs
sec-! cm~2. This represents an average flux distribution of 3.5x10~* ergs sec™
em=-2 sr-2. It is known that the total H, luminosity (in all vibration-rotation lines)
can be approximated to be 10 times the S(1) line luminosity (Davis & Eisloffel

1995). Thus we can write,

L}n ~ 10 x LS(l) (32)

The measured luminosity has to be corrected for extinction by using the

formula (Davis & Eisloffel 1995)

Lya(Corrected) = Lyz X 10422/25 (3.3)

which yields a net H, luminosity of 0.002Le. The kinematic age of the outflow can
be simply calculated as ¢ = R/v where R is the measured length of the outflow
and v is the velocity for H, excitation which turns out to be ~ 200 yrs for a 9" long
outflow that we observe in the spectrum with an assumed velocity of 30 km s™* .
Using this age and the estimated mass flow rate of M =4 x 1078 Mg, yr~!, the H,
luminosity can be shown to represent a net warm H; mass My, = My, x t) of

~ 5 x 10~* M,.

We shall now investigate accretion shocks in a disk as the possible source

51



of the emission. The H, line flux measured from within the central 3" could be
associated with the near-IR counterparts of HH knots embedded within the cocoon
that are excited by accretion shocks in a disk. This type of situation occurs in
Infrared Companions (IRC) where the star is bright in IR due to accretion shocks
and almost invisible in optical. Herbst et al. (1995) first studied two IRC’s to Haro6-
5 and UY Aurigae. They show that if the observed emission of H; is due to accretion
shocks, then the K band extinction due to such a dense environment can be given

by the formula

_ M M
Ap=22x10°r 1/2[(W)/(”amu 2_17@)] (3.4)

where r is the point at which we see the H, emission is excited at a velocity v, famu
is the mass of the excited molecule in atomic mass units , which is H; in this case,
and M is the mass accretion rate. Using this formula for the case of RNO91 we
get A, = 1.73 to the v=20 km s~! point. Here v=20 km s~! point is situated at
the radial distance from the star at which free falling material (under the influence
of the star’s gravity) will reach that velocity. Assuming the A; = 0.1 A, law, this
implies an A, =17.3 which is much higher compared to the measured value of A, =
9 by Myers et al. (1988). Therefore, excitation of all of the observed "on-source”
H, emission due to infall is not feasible. However, some fraction of the observed
emission could originate from accretion shocks, with the rest from the outflow, as

in the case of T Tauri.

It is interesting to note that a careful investigation of the high resolution
images obtained via Shift-and-Add imaging at UKIRT by Aspin et al. (1997) reveals
a nebulous feature which is about 1” to the north of the star (not reported by the
authors). This could be a shock excited feature in the outflow. Alternatively, this
feature — in conjunction with the fainter features to the S-W of the star — could
be a part of an ellipse whose major axis is ~ 200AU as measured by us using the
published images of A97. In fact these features may be visualized in terms of a disk

tilted by 30° to the north. The absence of any feature to the south may be attributed
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to the obscuration of the disk by the outflow.

3.5 RNO 91 disk/outflow

The disk structure of the envelope surrounding RNO 91 was first identified by Heyer
et al. (1990) from their JHK images and H-band polarimetric images. W94 showed
in detail that this disk structure is huge (1700AU) with ices contained in it. They
obtained a 3-5um spectra of the disk material and found three absorption features
at 3.08um, 4.68um, and 4.62um which are identified to be due to frozen H,0, CO,
and possibly XCN occurring along the line of sight towards RNO91. Further, W94
obtained K' poiarimetric images of RNO91. Whitney and Hartmann (1992) have
produced models of scattering in circumstellar disks and bipolar envelopes (1993)
surrounding young stellar objects. Their model results are plotted as sets of inten-
sity contours overlaid on polarimetric vector patterns. W94’s K’ polarimetric images
conformed to these model contours from which they concluded that the nebulosity
around RNO 91 has a disk structure of radius of 1700AU. They also showed that the
polarization center does not coincide with the intensity peak identified as RNO 91.
Our speculation that this result might indicate an Infrared Companion to RNO 91
was quickly laid to rest by the Shift-and-Add imaging by A97, which does not show
any secondary source within a 3.7” square region. W94 suggest a scenario with a
flared disk and outflow viewed at an angle of 30° with the northern outflow lobe

tilted away from the observer.

Fig 3.6 shows a narrow band image taken by us on September 8, 1998
through H; filter, without continuum subtraction. Fig 3.7 shows the new images
obtained with UFTI on March 17, 1999. Fig 3.8 shows a continuum-subtracted
narrowband image of RNO 91 in the 2.122um filter. Continuum-subtraction is an
extremely difficult task, since, here we are trying to remove extended continuum
emission which is more than 80% of the total light. Also the star is close to the
emission regions making it more difficult to discern the emission regions by sub-

traction of continuum. This is a case which is uncommon and hence, rife with
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Figure 3.6: IRCAM3 Image (1" seeing) Contour plot of RNO91 taken
through H, narrowband filter, illustrating an east-west disk associated with the
source, as well as nebulous emission to the south. The contours measure
5,10,15,20,40,80,160,320 and 640 times the standard deviation to the mean back-

ground level in the images.
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Figure 3.7: UFTI Image (0.5" seeing) Contour plot of RNO 91 taken through H; nar-
rowband filter, illustrating an east-west disk associated with the source, as well as
nebulous emission to the south. The contours measure 5,10,15,20,40,80,160,320
and 640 times the standard deviation to the mean background level in the images.
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Figure 3.8: Continuum-subtracted narrow-band H, images from UFT1L. The contours
represent 5,10,20,40,80,160,320,640 times the standard deviation to the mean
background level in the images.
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uncertainties, due to which we do not draw any definitive conclusion based on
the continuum-subtracted image. However, we have smoothed the original online
and offline images by a 3x3 box, normalised the images to proper intensity and
magnification by using the standard star image references and then performed the
subtraction. It was much easier to detect the extended H; emission through the
spectrum than the narrowband images and we learn from this experience that us-
ing either longslit spectroscopy at low resolution or Fabry-Perot Imaging can be the
best way of detecting extended line emission in the presence of strong continuum
emission. Due to this problem, we suspect that Schild et al. (1989) may not have
been able to distinguish the H, emission in their narrowband images, that could
be originating in an outflow. On the other hand, Levreault’s (1988) detection of
intense H, in his spectrum suggests that a part of it could be originating from a
low excitation jet. An optical slit spectrum with the slit oriented along the outflow

direction can confirm this fact.

The disk structure and an outflow lobe to the south can be seen clearly in
these images (Figures 3.6, 3.7 and 3.8). These structures are more evident in the
narrow band image (for instance, Fig 3.7), than in the K’ image of Hodapp (1994) or
the polarimetric image of W94. The narrow band image (note specifically the patch
of continuum emission to the south of RNO91) clearly supports the scenario of
W94, that there is a disk structure of size 1700AU, and an outflow whose northern
lobe is directed away from us and obscured by the disk structure. In addition, it
can be seen from Fig 3.4 that the H, emission is extended more in the southern
direction than in the northern direction which confirms that the northern lobe of
the outflow is directed away from us, being obscured by the disk structure. Notice
that the higher resolution image (0.5” seeing) in Fig 3.7 shows finer features in the
disk structure and the outflow. The continuum-subtracted image clearly shows an
extended emission from the southern lobe and a 7” disk structure. However, the

central portions of this structure could be contaminated by residual continuum.

As pointed out in Section3.1, RNO 91 falls into the class of disk structures that
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contain ices in them, and possess by far the largest icy gas/dust disk structure (10").
W94 found the presence of the ices for the first time in RNO 91, with the detection
of H,O absorption features and estimated an optical depth of 7 = 1.29. Brooke et
al. (1999) have also detected the H,O absorption features and show that the optical
depth derived from this feature is 7 = 2.1 £ 0.2 which is higher than the estimate of
W94. They attribute this absorption with amorphous ice rather than crystalline ice.
They obtained a 2-2.5pm spectrum as well, that shows CO gas overtone absorptions.
This allows them to characterize RNO 91 to have a photosphere that is intermediate
between a main-sequence dwarf and a giant, as do several young stellar objects in
the p Oph cloud. They also point out that this photosphere is consistent with the low
bolometric luminosity of RNO91 (= 3.7 L ; Chen et al. 1995), a characteristic of
young star with low surface gravity. Apart from having an envelope containing ices,
RNO91 also shows shocked H, originating in an outflow and possibly an accretion
disk. These features make RNO91 unique and an interesting object for further

studies in millimeter and infrared wavelengths.

3.6 Future Work

Our new continuum-subtracted H; images of RNO 91 obtained with UFTI show
the disk structure extending upto 7” in radius. This disk structure contains the
scatterers, namely icy mantles, which are ices condensed on the dust grains in this
envelope. But the scattering efficiency and density is so high that the disks are seen
to a large extent even in the line emission light that forms a small percentage of the
total scatterred light. The scattering intensity contours is strikingly similar to the
theoritical predictions (Wood and Whitney 1998). We shall call this disk with icy
mantles as "cold disk”. If we assume that there also exists a hot Keplerian disk at the
interior, which is a very well founded assumption that has supporting observations,

then several questions follow:

1) What is the connection between the warm Keplerian disk and the cold disk?

2) In what type of environment and at what epoch of star formation can one see
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such cold disks ?
3) Do they carry signatures of planet formation? (for example fragmented clumps?)
4) Is there any correlation between the outflow age and the presence of such cold

disks?

Answers to these questions can come from an understanding of the struc-
ture of the cold envelopes around young stars. Firstly, the velocity structure of the
envelopes is required. For this purpose it is necessary to obtain high spectral and
spatial resolution velocity maps of the disk region. It is difficult to do this using the
mm emission lines since the emission around RNO 91 region, for example, is opti-
cally too thick to give rise to any contrast in the channel maps that can be obtained
with an interferometer like IRAM. The emission is very dense and will saturate the
detectors. However, the scattered emission lines that we have found should be of
great help in making such a study possible. If one obtains a high resolution echelle
spectrum at a good spatial resolution also, which is easily possible with facilities
like the CGS4 echelle on UKIRT, we believe to get details on the kinematic struc-
ture of the disk. If one places the slit at different points on the disk, then the line
emission getting scattered from that portion of the disk should contain signatures
of the properties of the scatterer which show up as broadening of these lines. This
will help, for example, to study the effects of turbulent motions if any at the cen-
tral regions of the cold disk. Modelling the scattered intensity of light from the
cold envelope using radiative transfer should reveal the density distribution in the
envelopes. The warm disks are now quite well studied by IR spectroscopy and mil-
limeter imaging. Although the 2-2.54m spectrum obtained by Brooke et al. (1999)
shows the CO overtone absorption features, high resolution spectrum will be re-
quired to associate the features with the photosphere or a disk. Similar studies of
other objects like RNO90 , L1489IRS, L1551-IRS5 and many others in the line can

answer the questions posed above.
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3.7 Summary and Conclusions

We have studied the L43 dark cloud that has a few special features. The cloud hosts
two dense molecular cores associated with two T Tauri stars RNO 90 and RNO 91,
and has a number density that is on the upper side of the known limits (~ 10°cm™?).
These cores contain disk structures which are cold and known to have frozen ices

in them.

An infrared spectrum of RNO90 confirms the classification of the star as a
G5 type T Tauri star. RNO 90 is also surrounded by a disk structure as shown by the
NH; maps of Borranco and Goodman (1998) and also to some extent in the POSS

images and I band images of Mathieu et al. (1988).

An infrared spectrum of RNO 91 in L43 dark cloud shows emission of shocked
molecular hydrogen from an outflow in the N-S direction and also from a spatially
unresolved region close to RNO91. We estimate a mass flow rate of M=4x10"8
M, yr-!, based on the line fluxes from this spatially unresolved region around
RNO91. The line fluxes from the spatially extended outflow yield Ly, ~ 0.002L,
representing a net warm H, mass of ~ 5 x 10™* My. The outflow seen here in
H, emission, extending roughly N-S, appears to support the tilted disk + outflow
model of W94, where the northern flow lobe is tilted away from us at an angle of
~ 30° to the plane of the sky. Our narrow band images also support this scenario.
We suggest that the H, flux from the spatially unresolved region around the source
could originate in "HH-type” knots embedded in the cocoon surrounding the star.
However, accretion shocks cannot entirely be ruled out based on our observations.
These results suggest the possible existence of an infrared jet at the center of the
poorly collimated outflow. This is against the proposition of Bence et al. (1998)
that the outflow is currently not driven by a jet. However, the results put together
can suggest that the outflow is in a stage when the ”jet is being turned off”. These
disk structures hold important clues to understanding warm-cold disk connection

and possibly planet formation.
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Chapter 4

Warm and Hot Disk Structures in
Protostellar Envelopes

4.1 Introduction

In Chapter 3 we discussed a special class of envelopes around young stars that have
cold disk structures. This chapter describes the study of the warm and hot disks that
can exist interior to the cold disks. The hot disks(~ 1000K) are generally extend-
ing from 1AU to 10AU and are not spatially resolvable with the existing facilities.
Warm disks are known to be Keplerian, of sizes around 150-300AU but extend upto
1000AU in a few cases. The sources discussed here are generally found at the edges
of the molecular clouds where the ambient cloud material is very less or totally
out of molecular regimes. They generally fall into the category of Class II sources
and are T Tauri stars with disks and jets. We utilize the power of near-infrared
spectroscopy to study these disks, as it happens to be the only means by which one
can study the circumstellar disks even with a 1m class telescope. It is important to
understand the heirarchy of the disk structures to form a coherent relation between
the hot, warm and cold disks. The data discussed in this chapter forms a subset of
a larger sample, the coverage of which is not yet complete. We therefore discuss
the individual objects and draw general conclusions from the current data set. We
present the first near infrared spectra of the disk candidates that are covered in our

sample.
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4.2 The Sample Set

The choice of the disk candidates can be made based on several hypotheses and
thumb rules. Using Lada’s classification of YSO’s (see Chapter 1), it is possible to
identify the sources at various stages of their evolution. According to their classi-
fication Class II sources have circumstellar disks and have expelled their infalling
envelopes. Optical polarization studies of the dark cloud regions resulted in the
identification of a high degree of electric polarization vectors around the YSO’s,
aligned in different directions that was attributed to the existence of circumstellar
disks ( Bastien 1982). Beckwith et al. (1990) showed that the disks can be iden-
tified and characterized using the millimeter continuum emission at 1.3mm and
2.7mm from the YSO’s. They made an extensive survey of 86 sources in Taurus-
Auriga region and showed that 42% of the sample had disks. The main problem
in studying these disks lies in their small sizes (100-300AU) that subtends about
17-2" at a distance of 140pc in the nearest star forming regions of Taurus-Auriga.
Adaptive optics can just resolve the disks into elliptical blobs . With the advent
of high angular resolution (0.5"-1") imaging in millimeter lines that was possible
with the IRAM interferometer, a sample of 33 stars were imaged in the 2.7mm con-
tinuum emission by Dutrey et al.(1996) (hereafter D96). These authors detected
2.7mm emission in 12 systems, some of which were later imaged by HST using
the Wide Field Planetary Camera (Stapelfeldt et al. 1997, hereafter $97). The
physical properties of these disks are fairly well characterized using the millimeter
emission data. Our sample consists of 10 out of these 12 stars that showed strong
and extended 2.7mm emission. We have also included a few other sources from
the catalog of Herbig and Bell (1988), that are suspected disk candidates due to
other reasons described above. We started with these sources since they have flat-
tenned disk structures whose masses are estimated and shown to be in Keplerian
motion. The temperatures determined by millimeter emission, range between 70K
and 300K. The near-infrared spectra are expected to trace the inner hot disks that

have temperatures of ~ 1000K.
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Table 4.1: Observed Sample of YSO’s
Star SED [ Type |Kmag | Lot |Lrir | T°K

CI Tau I K7 7.82 | 1.4 | 0.23 | 156
CY Tau II M1l |8.49|049|0.05|79

DG Tau II |K7-MO | 6.74 | 6.36 | 3.81
DL Tau I K7 7.97 | 1.12 | 0.37 | 158
DO Tau I MO [7.44 2.7 | 0.64 | 204
GM Aur I K3 8.48 | 1.0 | 0.2 | 167
FS Tau I M4 9.8
V836 Tau | III K7 |8.870.51|0.06 |80

We present the first near-infrared spectra of the disk candidates in our sam-
ple. Observations were made using PRLNIC with the 1.2m Gurushikhar telescope
during two observing runs in the months of Jan-Feb 1999. The Spectrograph has
a resolving power of 1000 and the slit width is 2" (Refer Chapter 2 for details of
the instrument and data reduction). The stars have been flux calibrated using the
photometry provided by Kenyon and Hartmann, (1995). The sample set presented
in this chapter are listed in Table 4.1 along with some of their known properties.
The quoted temperatures refer to that of the disk and are derived by the millimeter

data by D96.

4.3 Infrared Spectroscopy of YSO’s

Spectroscopic studies have been one of the most important methods of understand-
ing the stellar photospheres. Studies of absorption features in the optical spec-
tra have made it possible to classify the photospheres of different spectral types.
Spectroscopic studies of optical emission lines have also been the main tool in un- -
derstanding the rotation, abundances and classifying spectral types of T Tauri star
photospheres. However, embedded objects that are faint in the visible could not
be studied until the beginning of this decade since there were no good infrared

spectrographs. The advent of NIR focal plane arrays made it possible to obtain
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good quality NIR spectra after which such studies have begun. Some of the early
workers in the field noticed the important CO overtone bands in the K band spectra
(Cart, 1989, Casali and Matthews,1992). Hodapp and Deane (1993) used the NIR
lines in a first attempt to derive spectral types of the embedded objects from NIR
spectra. The power of infrared spectroscopy to study the YSO’s has been realised
more seriously in the last 5 years due to a better understanding of the interpretation
of the spectral features. Greene and Meyer (1995) studied a sample of objects in
the p Ophiuchi cloud using both spectroscopic and photometric techniques to de-
rive the masses, ages and spectral types of several embedded objects. Casali and
Eiroa (1996) present an extensive study of the infrared CO absorption bands and
showed that these bands originate in the stellar photospheres of the observed low
luminosity embedded sources. They arrived at this conclusion based on the Echelle
data that showed the broadening of the CO bands by 17 km s~! which could be
attributed to stellar origin rather than a disk. They also showed that the CO absorp-
tion depths are correlated with the Spectral Energy Distribution (SED) (see Chapter
1) index and suggested that this correlation could result from veiling produced by
continuum emission from a hot circumstellar disk. Greene and Meyer (1995) had
also discussed the effects of continuum veiling from the hot disk. Greene and Lada
(1996) conducted an extensive survey of sources of various SED spectral classes
' from different molecular clouds. They also observed a large sample of spectral
standards. They show that the strengths of the atomic and CO absorption features
are closely related to the evolutionary status of the YSO’s and the depths of the fea-
tures are indicative of the relative amounts of veiling of an underlying photosphere

by the continuum emission from the surrounding hot envelope.

To summarize the interpretation of CO features in the K band spectrum;
Class I objects are embedded, in the sense that they are optically invisible, have
infalling envelopes around them that generally causes heavy extinction. The CO
absorption features are not found in Class I objects due to strong veiling from the
continuum emission of the infalling envelopes. Class II sources are relatively more

evolved objects with revealing photospheres and possess accretion disks. These are
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mostly the Classical T Tauri stars (CTTS). The atomic and CO absorption features
are found in the spectra of these YSO’s but are not intense. The veiled features
appear weaker than in similar type stars without IR excesses, causing errors in the
determination of the spectral types via equivalent width analysis. However, the
equivalent widths of suitable line pairs (at similar wavelengths) can be divided to
produce ratios which are independent of this veiling (Greene and Meyer, 1995).
Class III sources have expelled most of the material and show the atomic and CO
absorption features clearly which allow spectral type determination without much

confusion.

Bry emission is another important spectral feature in the K band wavelength
range. It was thought until recently that this emission arises in disk winds from
young stars (Natta et al. 1988; Hartmann et al. 1990). Recently Najita et al. (1996)
have shown that Bry emission actually originates in the stellar magnetosphere due
to the infalling matter. This assumes an X-wind model (see Chapter 1) with funnel
flows from the disk onto the star. Bry emission from the YSO’s have unusually large
linewidths at 400-700 km s~! which is more than one should expect due to free fall
from infinity to these low mass stars. These large wing emission is attributed to the
large scale turbulence in the infalling material. The broad wings are also believed to
 be partly due to scattering of photons by electrons (Stahl & Wolf 1980). Adding to
these observations, Muzerolle et al.(1998) have shown that Bry line emission can
serve as an important probe to the disk accretion in T Tauri stars and embedded
YSO’s. They show that the accretion luminosity follows a linear relation with the

Bry line luminosity.

4.4 Results and Discussion

Figure 4.1 displays the 2.1-2.4um spectra of the sample listed in Table 4.1. Ta-
bles 4.2 and 4.3 list the measured equivalent widths of Bry emission and the CO
overtone bands. The negative values indicate emission and positive values indi-

cate absorption. The 1o levels of the spectra vary from 3-8x10~'* watts m~2 ym™!

68



V836 Tau

%

I DO Tau ’ ]

i DL Tau )
WMM\M
I H2 ’ BrG ‘ Nal I Cal
1 | [ 1 | | | 1 { | i ] 1 i
2.1 2.2 2.3 2.4
Wavelength(um)

Figure 4.1: K band Spectra of Disk Candidates.
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Table 4.2: Bry Equivalent widths of the sample

Star CI Tau | CY Tau | DG Tau | DL Tau | DO Tau | FS Tau | GM Aur

Bry eqw
(in A) -8.2 -8 6.7 | -11.6 -8 - -10

Table 4.3: CO Equivalent widths of the stars with significant features

1200 v=2-0 | v=3-1 | v=4-2 | v=5-3 | 13CO v=2-0 | v=3-1

GM Aur -22 21 -27 -8 -10 -16
V836Tau 45 45 59 34 - 12
DO Tau - 7 7 4 - -

depending upon the magnitudes of the sources. We observed all the sources with
almost the same integration time which has resulted in this varying noise level. Out
of the observed 7 sources, 4 reveal smooth spectra without any CO features. H,
emission at 2.122um is found only in one source namely FS Tau. Discussion of

individual objects is given below.

4.4.1 FS Tau

FS Tau or FS Tauri A (Haro 6-5) is the brighter one of the FS Tau pair, the other
component being the well known Haro6-5b that has been imaged both in optical
and infrared bands by the HST. Lunar occultation observations of this object re-
vealed a binary system with a companion 0.25” away (Chen et al. 1990, Simon et
al. 1992). The spectral type is therefore composite and was estimated to be M1
type by Cohen and Kuhi (1979). This is one of the relatively highly polarized (~
10%) T Tauri stars indicating the possible presence of a circumstellar disk (Gledhill

& Scarott 1989). HST images in the V, R and I bands have been discussed by Krist
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et al.(1998). They also publish the photometry of the individual sources in the FS

Tau system.

Our spectrum (Fig 4.1) shows that there are no absorption features of either
atomic or molecular origin. However, H; emission is the only feature seen in this
spectrum and this is the only object in our sample that has detectable H; emission
at 2.122um. Given that the star is M1 type and has a SED of type II, the absorption
features should have been present in the spectrum. The absence of the CO over-
tone features therefore clearly indicates veiling due to the continuum emission from
a hot circumstellar disk. This observation supports the large polarization values
measured by Gledhill & Scarott (1989) in confirming the existence of a disk. The
observed H, emission coming from the unresolved binary system (0.3") strongly in-
dicates the possibility that the companion is an Infrared Companion (IRC) (Herbst
et al. 1995, Koresko et al. 1997). The Kinematic data shows the presence of a low
velocity component of -5 km s~!. However, the detection of [NII] at 6583 A suggests
the presence of a high velocity component (HVC)(~ 50 - 150 km s!) (see Hirth
et al. 1997 and references therin). It is not possible to associate the H; emission
to either of these components since the HVC’s dissociate H, and the low velocity
component is not significant enough to excite Hs. Further, the interpretation that
the binary companion to FS Tau A is an IRC is supported by the photometric ob-
servations of this source by HST/WFPC2 observations. K98 report that the fainter
companion of FS Tau A which they refer to as FS Tau E is reddder than the brighter
companion that is refered to as FS Tau W. The flux ratio of the W/E is 18.5 in the
V band and 7.3 in the I band. They also note that the flux ratio of the W/E stars is
8.2 obtained by using the photometry provided by Simon et al.(1992). Therefore
we believe that the observed H, emission from the FS Tau binary system must be
originating in accretion shocks associated with an IRC, which should be the fainter

companion identified as FS Tau E.
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Figure 4.2: Bry line profile of DG Tau. The y-axis represents flux in units of watts
m~Zum™!.

4.4.2 DG Tau

DG Tau here is actually referred to as DG Tau A that is the brighter one of the pair
DG Tau A and B. DG Tau B is 1’ southwest of DG Tau A and has been imaged by
HST. DG Tau B is one of the strongest sources seen in the 2.7mm maps of D96.
The 2.7mm continuum emission contours clearly show a face-on disk. DG Tau A
was first identified by Mundt and Fried (1983), as the source of an HH jet. Their
H, CCD frame shows a bright HH knot 8" SW of DG Tau A (PA. = 228° +2°)
apparently connected by a jet. A coude spectrogram shows direct evidence for a
stellar wind provided by the NaD lines which show broad blue absorption troughs
with velocities up to -200 km s~!. Bastein (1982) presented optical polarization
data of this star which shows 6% polarization with the eletcric vectors oriented at
an angle of PA. = 135° & 1°. This direction is perpendicular to the direction of the
observed jet and therefore Mundt and Fried attribute it to the presence of a disk

around DG Tau.

DG Tau is the next spectrum in our sample that is remarkably smooth with no

spectral features except for Bry emission. The argument of continuum veiling of the
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photospheric features holds in this case too, since the star is classified to be of spec-
tral type K7-MO type where one would expect to see these features. The absence of
these CO features therefore confirms the presence of a disk supporting the polar-
ization data of Bastein (1982). A 2.1-2.4um spectrum of DG Tau was obtained by
Hamann et al. (1988) who reported CO bandheads in emission. The observations
of Carr (1989) and Tokunaga (1995) showed the CO in emission whereas Greene
and Lada (1996) observed this object during 1993-1994 and found that the CO is
in slight absorption. Our spectra do not show any emission of CO bandheads but
indicate a possible weak absorption. These observations point to alternate phases
of emission and no emission of the CO bands in the spectra. DG Tau is one of the
two objects in the survey of D96 that showed detectable CO emission from the disk

whereas the other sources had no emission.

The Bry emission line is clearly broadened and assymetric. Najita et al.
(1996) have presented the Bry line profiles of DG Tau. The line profile of the Bry
emission of DG Tau from our spectra is presented in Fig 4.2. The assymetric nature
of the profile is clearly seen with a possible second component that is red shifted at
~ 450 km s-'. The FWHM of the lines are ~ 400 km s~*. The broad line wings can
be attributed to large scale turbulence in the stellar magnetosphere and can partly

be due to scattering of photons by electrons as described in section 4.3.

4.4.3 GM Aurigae

The object is well known since it was one of the first objects to be mapped in the
13O J=2-1 line at 1.3mm using the IRAM interferometer at 0.6" resolution by
Dutrey et al.(1998). These authors demonstrate the Keplerian nature of the disk
using CO images and also resolve a dust disk (using 2.7mm continuum) at the cen-
ter of the CO disk. A 2.7mm image of GM Aur is published by D96. It has been
imaged in the optical bands by HST/WFPC2 (S97). There is a remarkable correla-
tion in the morphology of the interferometer image and HST image. The WFPC2

image reveal a flattenned circumstellar reflection nebula extending symmetrically
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from the star to radial distances of 3" (450AU) along position angle 60°. This neb-
ulosity is attributed to the illuminated upper surface of a flared, optically thick disk
observed from ~ 25° above the equatorial plane of the disk (597). D98 have de-
rived several parameters of the disk from their studies and estimate a dust disk
mass of 0.025 M, extending upto ~200AU. Their CO maps, however, show a large

Keplerian disk extending upto ~ 525AU from the star.

A near-infrared spectrum of this source has been obtained by us. Our spec-
trum of GM Aur in Fig 4.1 shows the CO overtone features to be strongly in emis-
sion. This result is in support of the presence of CO gas in the disk seen by the
HST and mm emission images. Also, the description of the disk as "flared” by S97
is supported by the emission features in our spectrum. The excitation of the CO gas
within the optically thick disk can result in the strong emission of these overtone
features. Our spectra also show intense Bry emission that is explained using mag-
netospheric infall fed through a disk. The atomic absorption features are totally
missing in our spectra. This can be accounted for by continuum emission from the

central hot disk overfilling the photospheric atomic features.

4.4.4 DL Tau

This is a class II source which has been included in many surveys as a sample source
from the Taurus-Auriga molecular cloud. However, to the best of our knowledge
it has been studied as an individual object only by D96 through their millimeter
continuum maps. The 2.7mm dust emission from an associated Keplerian disk is
prominent and extended. The morphology suggests a face-on disk. Our spectrum
shows intense Bry emission and the Call absorption feature at a 20 level. The Bry
emission profile is assymmetric towards the red, suggesting infall signatures in a
magnetosphere. The CO overtone features are missing in this object too, suggesting

the presence of a disk and thus conforming to the millimeter images of D96.
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4.4.5 DO Tau

This classical T Tauri star is associated with an arc-like reflection nebula. The
2.7mm continuum images of D96 shows a face-on Keplerian disk with an estimated
dust disk mass of 0.019 M. Hirth et al. (1997) have studied the forbidden line
emission in visible from this object and demonstrated the existence of an outflow
with the blue shifted lobe oriented at PA.= 250° £ 10°. This is nearly perpendic-
ular to the optical polarization angle of PA.= 175° £ 2° found by Bastien (1982).
Our spectra of DO Tau reveal shallow 12CO absorption features. This maybe due
to the fact that the CO features are not veiled sufficiently owing to the inclination
angle(face-on) of the disk. It also shows Bry in emission with a broadened profile

at 400 km S™1.

4.4.6 CY Tau

CY Tau is a class II source and a CTTS. The 2.7mm continuum emission images of
D96 show a tilted disk with intense emission. The tilt appears to be about 30° to
the line of sight. Our spectrum shows Bry emission and the photospheric absorption
features are at the 1o level. The Bry line profile is broad with FWHM of ~ 400 km

s~ L.

4.4.7 V836 Tau

This is the only SED class III source and a weak-line T Tauri star in our sample.
This is a single star which shows very faint 2.7mm continuum emission (that too,
not in a disk pattern) in comparison with the other strong sources discussed above.
Our spectra display strong absorption features of CO bands and also those of Nal
and Cal. The features are in accordance with the K7-MO type photosphere of this
star. This verifies the anti-correlation result of the association of CO features with
the dust emission in disks. As a Class III source it is expected that this star has

expelled most of the circumstellar material. Hence the photospheres are revealed,
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the features of which are clearly seen in our spectrum.

4.5 Conclusions

We obtained near-infrared spectra of stars that are known to have Keplerian disks
by direct imaging in the millimeter by IRAM interferometer or those which had
strong observational evidences for having disks. In this process we provide direct
verifications of the interpretations of the spectral features in the 2.1-2.4um band
with regard to the presence of disks and flows in the near environments of the
vSO’s. The hot inner disks and warm outer disks appear to co-exist and are in
Keplerian motion. The presence of Bry line emission in almost all cases suggests
ongoing accretion through funnel flow in the magnetosphere of the young star.
Some specific results on individual objects have been obtained. We identify that
one of the companions in the FS Tau binary to be an Infrared Companion, since we
find molecular hydrogen emission at 2.122um from this unresolved pair. We point
out that HST/WFPC2 results provide supporting proof to the characterization of the
FS Tau companion as an IRC. We note that DG Tau, which is known to show CO
overtone bands in phases of emission and absorption during the last several years
is currently showing neither absorption nor emission. The existence of CO in the
disk of GM Aur is confirmed by the presence of CO overtone emission bands in our

near-IR spectra.
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Chapter 5

L1340 : A star forming cloud

5.1 Introduction

This chapter describes the optical and near-infrared studies of an active star forming
cloud in the constellation of Cassiopeia. The regions of Cassiopeia and Cepheus
have been recently surveyed by Yonekura et al. (1997), in the CO lines using the 4
m radio telescope of the Nagoya University, with a grid spacing of 8'. The large scale
survey has identified several molecular clouds in this region that were previously
unknown. These éuthors have presented the detailed CO maps of the molecular
clouds in the region and have identified the associated IRAS sources. These IRAS
sources represent young objects in these molecular clouds and therefore indicate
star formation activity. Based on these maps, and other factors that are symbolic of
star formation activity, we selected some of the regions to survey for new Herbig-
Haro objects. Herbig-Haro objects are optical counterparts of molecular outflows

and are clear sign-posts of on-going star formation activity (see Chapter 1).

One of the most interesting molecular clouds we chose for our study (from
Yonekura et al. 1997) is identified as L1340 in the catalog of dark clouds by Lynds
(1962). It is a small cloud of area 0.01 square degrees with central coordinates
of a(1950) = 02"26™,5(1950) = +72°44". The cloud has been studied extensively
for the first time by Kun et al. (1994)(hereafter K94). They made detailed B3Co
and C'®0 maps of this cloud and conducted objective prism observations and pho-

toelectric photometric studies of several young stellar objects in this cloud. These
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authors estimate a distance of 600pc to L1340, and a mass of 1100 Mg using the
13CO and C'®0 maps of the molecular cloud. They also identify three dense cores
of masses 280, 470 and 180 M, using the C'®O observations identified as A, B, C
by K94. NH; maps of the dense cores associated with the cloud are discussed by
Kun et al.(1999) (hereafter K99). The objective prism plate studies of K94 resulted
in the identification of 13 H, emission stars and 22 IRAS point sources within the 1
square degree area of the CO cloud. The visible area of the cloud is associated with
three red and nebulous objects namely RNO7, RNO8 and RNO9 listed in the catalog
of Cohen (1980). Indeed, these objects are closely associated with the three cores
of the cloud. The identification of 17 low and intermediate mass stars in this region
by K94, indicating a high rate of star formation, strengthened our motivation to
look for new HH objects in this region. Cohen’s red and nebulous objects associated
with this cloud were also promising objects for a detailed study in the optical and
NIR. The results of such a study are presented in this chapter along with a picture

gallery of the newly discovered HH objects.

5.2 Observations and Data Reduction

The initial study of some regions of this cloud were made using the optical obser-
vations obtained with the 2.3 m telescope and a 1kx 1k CCD at Vainu Bappu Obser-
vatory, Kavalur, India in a collaborative effort with Kajal Ghosh of Indian Institute
of Astrophysics, Bangalore. Follow up observations that included a much larger
area of the cloud were made possible by Bo Reipurth, John Bally and Ka Chun Yu
of CASA, Colorado, USA. These observations were made using the new MOSAIC
camera on the 0.9 m telescope of the Kitt Peak National Observatory. The MOSAIC
camera is a 8k x 8k mosaic consisting of eight thinned 2kx4k CCD’s that provides
a plate scale of 0.423"/pixel covering approximately one degree field of view on
the sky. A log of the observations is given in Table 5.1. Near-infrared images of
the RNO7,8 and 9 regions were obtained using PRLNIC on the 1.2 m Gurushikhar

telescope (see Chapter 2).
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Data reductions of the MOSAIC images were carried out in parts at PRL by
the author and at CASA by Kachun Yu, using the MSCRED IRAF external package
which is exclusively meant for handling MOSAIC data. MOSAIC raw data comes
in the form of eight inter-connected *fits” files that are due to the eight 2kx4k
CCD’s. These individual images are reduced using standard CCD routines with
the exception that they are performed on the mosaicked image. Flat fielding was
carried out by using a sky flat that was generated by combining 40 frames taken
during the night. Dome flats are relatively ineffective for MOSAIC images since
the large scale variations become prominent over the wide field of view of the CCD
camera. Each reduced image is 279MB in size and consumes a considerable amount
of memory and processing time depending on the computer. The reduced image
was calibrated using DSS for performing astrometry. Results from the analysis of
the central regions of the CO cloud are presented in this chapter. A small region of
the cloud associated with the RNO9 outflow was mapped in the emission lines of
13CO, C'®0, and CS molecules in the millimeter region. These data were obtained
and reduced for us by Rafael Bachiller, OAN, Spain, at the 30 m IRAM telescope at

Pico Veleta, Spain.

5.3 L1340 cloud and the Cohen’s objects

Three among the Red and Nebulous Objects (RNO’s) cataloged by Cohen (1980)
are closely associated with the dense cores of the L1340 cloud. These objects were
included in the FOV of our CCD enabling us to study their optical properties. Near-
infrared K’ observations of all the three objects were carried out to identify deeply
embedded sources and to check for star formation activity. As described by K94,
1.1340 has three dense cores identified as A (280 M), B(470 M), and C(180Mp).
Core A has two parts with a bright peak and a relatively fainter peak that is well
separated from the brighter peak. We reproduce in Table 5.2, some important pa-
rameters of these cores from K94. T.,, 7, R, n represent excitation temperature,

optical depths, radius and number density respectively in Table 5.2.
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Table 5.1: Exposure Log for the KPNO Mosaic Images

Filter | CWL (A) | FWHM (A) | Exp (sec)
GunnZ | 9400 2000 250
H, 6559 80 1000
[SI1] 6730 81 1000

Table 5.2: Observed properties of L1340 Cores

Core | T.. | 7(3CO) | 7(C™0) n(H;) Mass | Size |R
(K) (10%'em~3) | Mg) | pexpe | (pc)
A 10.2 0.33 0.06 850 280 | 2.8x1.2| 0.9
B 13.1 0.24 0.07 830 470 | 3.3x15| 1.1
C 9.1 0.56 0.13 1200 180 | 1.7x1.3 | 0.7
5.3.1 RNO7

RNO7 is described in the Cohen’s catalog as ”star, bright, red, closely nebulous” and
the spectrum of this object reveals H, emission line. There are two H, emission stars
and a couple of IRAS sources associated with this object. The object is a cluster of
stars embedded in optical nebulosity as seen on the POSS prints. Figure 5.1 shows
the contour maps of GunnZ, [SII] and H, images along with a grey-scale K' image
of RNO7. The most striking feature in this object is a candidate HH jet marked in
Fig 5.1. The jet-like feature is seen strongly in [SII], relatively weak in H,, and
missing from the GunnZ image. The feature appears to originate from the IRAS
source 0223647224 which also happens to be a bright H, emission star identified
by K94. Although these properties satisfy the criteria for an HH jet, the relative
faintness and the fact that it is embedded in the surrounding optical nebulosity,

calls for deeper images and continuum-subtraction to prove the HH nature.

Within the observation limits, our K' image does not reveal any apparent
nebulosity associated with the cluster. It shows 33 stars with 20 stars concentrated

in the central region (~ 2’ x 2'). 3 sources appear to be infrared sources since they
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are seen only in the K’ image and 2 other sources are relatively bright in K’ image
compared to the GunnZ image. The C'*O maps of K94 show relatively thin emis-
sion from the core associated with RNO7 ‘and the NH3; maps of K99 do not show
any emission from this region. These results imply that the density of molecular
material is low in the region surrounding RNO7. The relative absence of the K’ neb-
ulosity, the presence of bright infrared sources and a cluster of stars that are bright
in the red and infrared together suggest that RNO7 could be an young cluster that
has formed out of a dense core. The stars are most likely in the process of dispers-
ing the surrounding material. The relatively low density of the molecular material
surrounding this object can be explained by this argument. However, photometry
of the RNO?7 stars in the near-IR bands can clearly prove their youth and properties

as a cluster.

5.3.2 RNOS8

RNOS is described in the Cohen’s catalog as faint and purely nebulous. It is found
close to the reflection nebula DGO seen as a star + nebulosity. RNO8 has an ap-
pearance of a bipolar nebula with a faint star situated at the center of the nebula.
Figures 5.2, 5.3, 5.4 & 5.5 show the GunnZ, K’, H, and [SII] images of the RNOS8
region respectively. There is no noticeable difference in the images except that the
nebulosity is not registered in our infrared image. The bipolar nebulosity is rel-
atively brighter in the H, and [SII] images as compared to the GunnZ image and
these images are not presented here. This suggests that the nebulosity is due to hot-
ter gas. The relative brightening of the nebula in the H, and [SII] bands suggests
the influence of a wind that is most likely originating from the central star which is
known to be a bright IRAS source. According to K94, this star is the most luminous
source of the cloud and they classify it as a protostellar source of intermediate mass.
RNOS is situated closely on the core B of L1340. Surrounding RNO8 and associated
with core B are stars R1-4 identified as A and B type stars by K94. Core B is thus

shown by K94 to be forming intermediate mass stars.
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5.3.3 RNO9

RNO9 is described as "two stars, brighter is redder, very faint nebula to the south” in
Cohen’s catalog. The second generation POSS prints show a clear arc-like nebulosity
associated with the star. RNO9 falls on the edge of the Core C which is the densest
core of L1340. The ammonia emission is very thick and show 4 individual clumps
that coincide with the C'20 core. Two optically invisible IRAS sources are identified
with this core by K94 and K99. Figures 5.6, 5.7, 5.8& 5.7 show the GunnZ, K/, H,
and [SII] images of the RNO9 region respectively. The Ha and [SII] images do not
show any discernable differences in comparision to GunnZ image and therefore not
presented here. The K’ image was created by mosaicking two frames each of field
of view 4’ x 4' with sufficient overlap between the two frames such that the central
regions have a higher S/N ratio when mosaicked. The nebulosity associated with
RNO9 is purely a reflection nebula and does not show any H, or [SII] emission.
However, one of the nebulous blobs that coincides with the invisible IRAS source
reveals an interesting object in our K’ image. Figures 5.11 & 5.12 show the GunnZ
and K’ images of this object, with contours overlaid. The associated IRAS source is
identified as F02267+7226 in the IRAS Faint Source Catalogue. The IRAS colors
indicate an embedded source that is cooler and likely to be a driving source of
an outflow. The colors for this source are Log(Fzs/F12) = 0.209 & Log(F100/Feo)
= 0.301 and is typical of Class I protostars. The K' contours show an elongated
source with two features that appear to be outflowing from the source. Millimeter
maps obtained with the 10” beam of IRAM centered on this object (see Fig 5.14
and 5.15) show very weak C!30 emission, *CO at a level of 4.5K and asymmetric
profiles in CO. The CO line indeed shows a double component with a separation
of about 3 km/s indicative of a weak outflow. Therefore, the object appears to be
a class I source that is driving a weak outflow. There are no Herbig-Haro objects
anywhere near this region that can be associated with this outflow. A second blob
of nebulosity (marked c in 5.6) seen in the GunnZ image and POSS prints appears
to be associated with a bright K’ source (see figures 5.14 & 5.15). This source does

not have any associated IRAS PSC listing.
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Figures 5.12 and 5.13 show the 2CO and '*CO maps made around the RNO9
star, 5.14 and 5.15 show the C!%0 and !*CO maps made around the candidate
outflow, 5.16 and 5.17 show the C!20 and '*CO maps made around an infrared star
(marked C in Fig 5.6). The velocity scale on the X-axis is from -18km/s to -12km/s
and the brightness temperature on the Y-axis scale is from -1K to 6K, these scales
being common to all the millimeter data presented in the figures. The '*CO maps
of K94 show a sudden velocity change at the edge of Core C, where the velocity
changes from -14.5 to -12.8 km/s which is about 1.7km/s variation. This is the
only positive velocity component of the cloud identified in their maps. RNO9 and
the two nebulous blobs associated with infrared sources (marked B and C in Fig
5.6) all lie along the boundary of the velocity gradient in the '*CO maps. Notice
that the C!30 emission abruptly falls to the north-west direction in Figures 5.14
and 5.16. This represents the edge of the dense core. Fig 5.15 represents the
12CO emission near the region of the outflow seen in the near-IR and the double
profile is seen to the south-west direction. The millimeter maps were made prior
to detecting the infrared sources and therefore the outflow shown in Fig 5.13 is
not centered in the millimeter maps. However, all the maps, together suggest that
the optical identification of RNO9-star, B and C blobs, all lie along the boundary
of the dense core and along a line where there is a sudden velocity change. The
double components separated closely at velocities of 2-3 km/s agree closely with the
observations of K94. K94 suggest that this positive component in the velocity maybe
associated with a small clump of cloud that is different from the main molecular
cloud. But our K’ images that revealed an outflow source, put together with our
millimeter maps suggest that the velocity difference could be arising due to a weak
outflow originating from the infrared source IRAS F02267+7226. Deeper images

in the near-infrared are required to prove the exact nature of this source.
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Figure 5,1: RNO7 Cluster and the embedded HH jet. The lowest contours represent
30 levels above the mean background and are adjusted subsequently to show the
HH candidate jet clearly.
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Figure 5.5: Sulphur Image of RNO8
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Figure 5.13: 3CO emission around RNO9 star. x-y axis and offsets are same as
above. Refer to text on page 85.
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Figure 5.14: C'#0 emission around RNO9 outflow candidate (RNO9-B)(ref Fig 5.6).
(0,0) corresponds to a = 02k 31™ 27* § = 72° 40’ 17". Offsets are in arcseconds.
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Figure 5.15: *CO emission around the outflow candidate. (0,0) is same as above
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Figure 5.16: C!®0 emission around RNO9-C (ref. Fig 4.4)
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Figure 5.17: 3CO emission around RNO9-C. (0,0) is same as above



5.4 New Herbig-Haro Objects in L1340

Herbig-Haro (HH) objects are known to astronomers as compact emission nebulae
closely associated with young stars and represent regions of shocked material in
the molecular clouds. Although there is no exact definition for these objects, a
general consensus is that these are shocked regions closely associated with young
stars and not with evolved stars. They are now understood to be due to an outflow
from a young stellar object. The most complete catalog of these objects is published
electronically by Reipurth (1994) which contains nearly 250 HH objects. HH objects
show characteristic lines of shocked emission from [SII], [OI1], and H. Although the
clear proof for an HH object comes from a spectrum, a simpler method adopted by
many astronomers to identify the HH objects, is to obtain narrowband images in
the light of [SII] and H, emission lines and a broad band image to measure the
red continuum level. Objects that are seen only in the emission line images and
not in the continuum images are identified as HH objects (see Reipurth 1994 for a
detailed discussion). There are mainly two classes of HH objects that are known
as high and low excitation objects based on the excitation level of the shocked
material (Bohm & Goodson 1997). High excitation HH objects have typically higher
ratios of H, to [SII] in comparison with low excitation objects. Low excitation
objects are brighter in [SII] emission as compared to H, emission. Our search for
new HH objects in the L1340 cloud has resulted in the discovery of HH objects
associated with three flows. The new HH objects associated with these three flows
are designated as HH487, HH488 and HH489 by Reipurth, and will be used as
such in the following description. All the three flows appear to be associated with
high excitation HH objects since they are brighter in H, compared to [SII]. Note
that the images are already normalized in the sense of S/N ratio by choosing the
bandwidths of the filters (see Table 5.1) and appropriately scaled integration times.
The co-ordinates of the individual features associated with these flows are listed
in Table 5.2. The criteria used for identifying the driving sources are (i) a clear

morpholigical connection between the features and the source and (ii) the presence
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of a young stellar object like an IRAS point source or H, emission star in the near

vicinity of the HH objects.

5.4.1 HH487

Figures 5.18, 5.19 & 5.20 show the H,, GunnZ and [SII] images of HH487 respec-
tively. The GunnZ image is reproduced in Fig 5.21 to make the comparison with the
[SII] image convenient. These are the brightest HH objects found in the region and
have clear bowshock features and wisps. These are strong in the Hq emission and
tips of the bowshock features are seen to be emitting in [SII]. The driving source
of these shocks is still unclear since there are no known IRAS point sources or H,
emission stars in the nearby 1.2pc of these bowshocks nor any other HH objects that
can be used to trace the origin. There is an IRAS source identified as 02224 +7227
situated at about 1.3pc from these bowshocks and wisps with characteristics of an
outflow driving source (see K94). The curvature of the bowshocks points to this
source, but there are no obvious nebulous features that form a link between the
source and the bowshocks which are separated by the large distance of 1.3pc. It
is, therfore, difficult to associate the IRAS source with this HH object as the driving

source.

5.4.2 HHA488

Figures 5.22+& 5.23 show the H, and GunnZ images of the HH488 region. Figures
5.24 & 5.25 respectively show the [SII] and H, contours of source+jet. The flow
HHA488 is associated with a source that is lying to the south-east of RNO7 and at
the boundary of the weaker component of the dense core A of the L1340 molecular
cloud. The source is clearly associated with a jet-like feature that is connected to
the seeing disk (see Figures 5.22, 5.24 & 5.25). Two HH knots, appearing as a
binary star at about 0.8 parsec away from the source and a long strip of very faint
nebulosity ending in a broadened bowshock-like structure can be associated with

this flow. These features fall in a line that can be traced upto the source (see Fig
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Table 5.3: New HH objects in L1340

Name R. A. (J2000) | Dec (J2000)
h ms orn

HH487

Bow 1 022619 72 34 42

Bow 2 02 26 27.2 72 3503
) HH488

Source+jet 0228 00 72 3558

knot 1 02 28 22.5 72 34 56

knot 2 02 28 40 723416

HH489

Source 02 29 43.2 72 43 59

IRASPSC 02249+7230 | 02 29 41.5 72 43 52

Knot 02 29 37.7 72 44 50

5.22). The boundary of these features are marked in Fig 5.22 to identify them
clearly. A small tail from the source in this direction joins with the traced line.
The "tail”-like feature is seen in the [SII] image contours (see Figure 5.24). The
bowshock feature at the bottom right edge of Fig 5.22 is bright at the tip. Deep
imaging of the region is required before a conclusive statement can be made about
the association of these features to the driving source. The source can be seen to
appear as a double star. The fainter companion is seen on the left of the brighter
source in Figures 5.24 & 5.25. Interestingly, the brighter source that appears to be
driving the jet is strong in the Hq and [SII] emission and not seen in the GunnZ
image. The fainter source is seen in all the three filter images. The [SII] emission
(Fig 5.24) shows a second flow that appears to be originating from the fainter
companion. "We note that this flow points to the bowshock features of HH487.
Although there are no known IRAS PS’s near this region, the jet+star shown in
Figures 5.24 & 5.25 appear to be the source since there exists a clear morphological

connection between all these features.
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5.4.3 HH489

This is the most clearly identified optical flow so far in this region. Figures 5.26,
5.27 & 5.28 show the H, , GunnZ and [SII] images respectively. The GunnZ image
is reproduced in Fig 5.29 for a clear comparison of features with the [SII] image.
The driving source is at the center of the frame and seen in all the three images. A
HH knot is seen towards 1’ north of the driving source. A faint wisp of nebulous
material bridges the void between the knot and the source forming a connection.
The nebulous wisp extends to the south of the driving source as well, but there are
no HH objects found to the south, in these frames. The driving source is identified

as IRAS 02249+7230.
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5.5 Conclusions
’

11340 is a molecular cloud at high galactic latitude with a high rate of star forma-
tion activity. It consists of three dense cores that are associated with three Cohen’s
objects RNO7, 8 and 9. The cloud is shown (K94) to be forming both low and inter-
mediate mass stars. Our optical and infrared images have made a clear association
of the RNO7, 8 and 9 objects with the cores of this cloud. We identify that RNO7
is a young loose cluster of stars that is in the process of blowing off the molecular
core from which it had formed. Although K94 identified RNO8 as the most inter-
esting object in this cloud, it turns out that RNOS is just a reflection nebula with a
bipolar appearance that is poosibly partly excited by a stellar wind from the central
intermediate mass young star. RNO9 is associated with the densest core of 11340,
namely core C and is the only region of L1340 that shows two component emission
in the CO isotopic lines. Our K’ image reveals an outflow candidate source that
has IRAS fluxes suggesting a class I source. A weak outflow-like feature is seen in
our infrared image that is not visible in the optical CCD images. Millimeter maps
made around RNO9 region clearly show the double component emissions that are
separated in velocities by ~ 2-3 km s-!. The relative absence of CS emission and
weak C!80 emission from the region along RNO9 clearly indicates that this region

is not very dense and it is situated along the boundary of the core C.

The southern part of the L1340 cloud containing cores C and B are forming
several low mass stars. We have discovered new HH objects in this region that are
associated with three independent flows. This is a clear indication of on-going star
formation activity. Two of the three identified flows (HH487,HH488), are suspected
to be giant flows with typical dimensions of 1pc. A jet and 3 bowshock features are
among the newly discovered HH objects. We have identified the sources of two
flows HH488 and HH489, whereas the driving source of HH487 seems ambiguous.
All the HH objects are lying along the boundary of the dense cores identified by
molecular emission. These flows are excellent candidates for further deep imaging

in the H, and [SII] lines.
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~ Chapter 6

A Near Infrared Imaging Fabry-Perot
Spectrometer

6.1 Introduction

Kinematics of star forming regions is one of the important studies of current inter-
est. It helps in understanding the energetics of the outflows, their driving sources
and other manifestations of star formation. Imaging spectroscopy is one of the
most powerful tools to study kinematics of nebulous objects. The importance of
Fabry-Perot spectrometers in studying Planetary Nebulae, interacting galaxies and
HII regions in the optical wavebands is well known (Atherton et al. 1982, Bland
and Tully 1989, Desai 1984, Anandarao and Banerjee 1988, Seema et al. 1992
Chakraborty and Anandarao 1999). Star forming regions, particularly low mass
star forming regions emit weakly at optical wavelengths. However, they are the
strongest emitters in the near-infrared region. Therefore, near-infrared Fabry Perot
Spectrometers are essential to study the kinematics of star forming regions. This
has been possible with the advent of the near-infrared focal plane arrays in the past
one decade and there are only a few near-infrared Imaging FP Spectrometers oper-
ating in the world today (e.g. Krabbe et al. 1993, Satyapal et al. 1995, Ryder et al.
1998).

This chapter describes the construction, testing and performance of a Near-
IR Imaging Fabry-Perot Spectrometer (NIRFPS) currently operative with the In-
frared Camera of Gurushikhar 1.2m telescope at Mt. Abu, W. India. In this chapter,
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a brief introduction to the essential theory of Fabry-Perot spectrometers, an evalua-
tion of the different modes of operating them and finally, description of NIRFPS are

given.

6.2 The Fabry-Perot Interferometer

’

A spectrometer is characterized by the parameter called Throughput or etendue (
= AQ, where A is the spectrometer area and {2 is the acceptance solid angle of the
spectrometer) which was first introduced by Jacquinot (1954, 1958) who made a

comparitive study of different spectrometers and showed that the product

L x R = Constant (6.1)

for a given type of spectrometer, where L is the luminosity(=¢AQ, with e as the spec-
trometer efficiency) and R is the resolving power of the spectrometer. Luminosity
of the spectrometer is essentially a measure of the total light grasping efficiency in
a single resolution element. Further, Jacquinot showed that this L x R product is
much higher in the case of the Fabry-Perot spectrometer compared to other spec-
trometers. The only other spectrometer that shares this property with the FPS is the
Michelson interferometer. This is because, the FP has a higher solid angle of light
acceptance compared to a grating or any other spectrometer, for a given resolution.
It is this property of FPS that makes it an ideal instrument to study kinematics of
extended objects like star forming regions, planetary nebulae and galaxies. A de-
tailed discussion and comparisons of different spectroscopic devices can be found
in Meaburn (1976). It suffices to mention here that the advantage of an FP over

other devices is as follows:

(L x R)pp ~ 30 — 100 X (L X R)grating ~ 300 — 1500 X (L X R)prism (6.2)
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Fabry-Perot Interferometer works on the principle of multiple beam interfer-
ence and consists of two highly reflecting optically flat parallel plates (surface errors
are better than A/100). An incident ray of wavelength ), impinging at an angle 8
on the plates undergoes multiple reflection within the cavity of the parallel plates

and the emerging beam forms an interference pattern that satisfies the condition,

n\ = 2utcosl (6.3)

£
where ¢ is the gap thickness between the parallel plates, p the refractive index of
the material between the plates (1 for air), and n is the order of interference. The
intensity distribution of the resulting interference pattern is a plot of intensity vs

wavelength called Airy Function represented by

2m ,utcosé?

Lo, = LTY(1 — R)? + 4R(=H5—))™ (6.4)

where I, is the maximum incident intensity at A, T and R are the fractional transmis-
sion and reflection coefficients of the reflecting surfaces (T + R =1 for negligible
absorbance). This intensity distribution consists of periodically spaced peaks, sepa-

rated by the Free Spectral Range (FSR) given by

)‘2
A = Ep—t (6.5)

The full width at half maximum (FWHM)(é)) of the Airy Profile is given by

AX '
A= Ty (6.6)

where the effective finesse F.y; is given by,

Fg2=Fp?+ Fp~ 24 F,? 6.7)
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with Fgp , Fp , F, as reflective finesse, defect finesse and aperture finesse respec-

tively. The reflective finesse or simply finesse of the FP is defined as

mvR (6.8)

Fr=1"%

In practice, the finesse which is a measure of the resolving power of the FPS
deteriorates due to several factors. The microscopic flatness and curvature defects
of the FP plates, the parallelism errors of the plates (all these define Fp), and the
effect of a finite aperture (defined by F,) contribute to the broadening of the line
profile, reducing the effective finesse. Excellent discussion of the detailed theory
of Fabry-Perot Spectrometers can be found in the classics by Born & Wolf (1987),
Meaburn (1976) and Vaughan (1989).

6.3 Imaging Fabry-Perot Spectrometers

Figure 6.1 shows a schematic of an IFPS in the classical configuration. The object
in this case is a real image formed by a telescope. The rays from this image are col-
limated by a lens and passed through the FP etalon and re-imaged by the imaging
lens. The ratio of the focal lengths of the collimator and imaging lenses will decide
the magnification factor by which it is possible to expand or compress the original
image. A set of concentric fringes is formed on the image plane. This fringe system
acts like a window which allows a very narrow wavelength range from the origi-
nal image. A pre-filter (order sorting filter) helps to isolate a narrow wavelength
window of interest. For a given wavelength the different fringes represent different

orders. The angular dispersion of the FP etalon is given by

d\
7 —Atand (6.9)

For a given gap setting "t the fringe system schematically shown in Fig 6.1 is

covering only parts of the image space covered by the fringes. However, changing
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the etalon gap ¢ by the modern servo-controlled, piezo-electric scanning will allow
to cover the entire image space. This will result in a set of interferograms which
will form a 3 dimensional data cube with two spatial dimensions and one spectral

dimension.

6.3.1 Scanning and phase correction

In order to cover the entire spatial extent of an extended source, the etalon needs
to be scanned by changing the cavity gap t. As the gap is changed in suitable steps,
the diameter of the fringes keeps changing covering the spatial extent in its entirety.
Then, the, intensity variation on a(single pixel at a given location (corresponding to
a particular spatial position) will constitute the line profile at that location. This
profile is a convolution of the FP instrument function with the object spectrum
incident on that pixel. If I, ,(t) represents the intensity recorded by the detector at

a particular pixel (z,y) and gap ¢, then for an etalon of finesse F;

2
L,)=01+ %—sinzputcosﬂ/)\])’l X Fry(X) (6.10)

where F, ,()) is the prefilter transmission function. Thus, for the central on-axis
pixel (z.,y,) the maximum transmission at )\, would occur for t, = nA,/2u. For any
off-axis pixel, a different wavelength A will be transmitted at the same ¢ which is

separated in wavelength by

6zy = Ao(1 — cosb) (6.11)

This is called a geometric phase factor and can be computed for any arbitrary pixel

transmitted at a different value of ¢ given by

t =to(secd — 1) = Prya (6.12)
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Figure 6.1: Imaging Fabry Perot Spectrometer in Classical Configuration
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where P, is the phase factor at pixel z,y and a is a constant characteristic of the
etalon and the scanning device, say, CS100 piezo-electric scanner in the present

case. The constant a defined as

Az = \2ua (6.13)

can be determined by observing a laboratory standard emission line, and finding
out the movement Az (voltage change for piezo scanner) required to obtain two

consecutive central maxima.

6.3.2 Wavelength Calibration

One important task in the FPS observations is to establish a wavelength calibra-
tion. This means that a correspondance relation between wavelength scale and the
CS100 z scale (step numbers) has to be established. Once the CS100 constant a
has been established (see eqn 6.13), using a wavelength X, that peaks at the CS100
z-setting z,, with Az, as the change in z value between two maxima of the central
fringe, then, for any arbitrary wavelength A, we have (Anandarao, private commu-

nication),

2= 2o+ S AzfAn + no(A = Ao), (6.14)
Y )
%,
o =52 (6.15)
t,=d+az (6.16)

where d is the default spacing of the FP etalon, set and quoted by the manufacturer
according to user specifications. The parameter An is the fractional order of the

central fringe which is taken as 1 in the general case. Ideally, one should establish
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this number by repeating the experiments with two appropriately spaced spectral
lines and finding the difference An = n — n, where n and n, are the orders of for

any two wavelengths A and A,.

6.4 Astronomical Observations with an IFPS

The following steps describe a standard sequence of observing with an Imaging
Fabry-Perot Spectrometer operating in the classical configuration and in the optical
wavebands. The following steps assume that the continuum levels of the program
sources are much less compared to the emission line fluxes as in the case of Plan-
etary Nebulae. The presence of a high level of continuum deteriorates the fringe

contrast and hence the resolution due to leakage in the Airy profile wings.

+ o Obtain Standard Frames with a lab source before beginning observations on
the program object. This is required to perform phase correction of the pro-

gram source interferograms.

e Obtain interferograms on the program object. This involves obtaining N im-
ages at different gap settings where the minimum value of N is equal to the
finesse of the FP etalon which is typically 20. Ideally N should be 2.3 x finesse
to have Nyquist criterion satisfied. It is assumed that the sky does not vary

significantly during this procedure.

e Acquire Interferograms with a lab source at two different wavelengths for

absolute wavelength calibration.

To complete this sequence of operation in one night on the sources of interest, a
minimum of 2-4 m class telescopes are required. It is difficult or sometimes im-
possible to obtain FP data with smaller telescopes. This constrains observations to
only relatively bright sources or to do a minimal sampling of one finesse. It is not

possible even to see the full image on the detector unless one covers this minimal
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sampling. It is in view of these practical difficulties that the telecentric mode of

operation of the Fabry-Perot etalon becomes important.

6.5 Telecentric Configuration

‘Figure 6.2 shows the telecentric mode of operating an FP etalon. Unlike the classical
mode this mode does not produce fringes on the detector plane. Instead the entire
image is seen on the detector at any gap setting ¢ (or equivalently at a particular
)) and the intensity of different pixels vary with scanning ¢ that will result in a
wavelength profile at each pixel. The FP etalon is simply inserted in the converging
beam of the telescope an‘;l the FP acts as an extremely narrow band tunable filter. As
described in Section 6.2, the L x R product for a given spectrometer is constant and
so is the case for FPS. This imposes a limit on the acceptance solid angle (2 ~ 6?) for
a FP etalon which is a function of the resolving power R alone and can be written

as

92
T (6.17)

1
R
Therefore, the acceptance angle 6 plays an important role in the operation of the

FP in telecentric mode. The resolving power of an FP depends upon its reflective
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finesse and the free spectral range(FSR). However, in order to fully realize this
resolving power, the incident beam should have a solid angle which is less than
the acceptance solid angle defined by the equation above. If the solid angle of
the incident cone of light is larger than the acceptance solid angle, the resulting
resolving power is lesser than the actual resolving power of the FP etalon and can
be computed by using the equation 6.17. While using the FP in the telecentric
mode this criterion puts a constraint on the beam speed or the f-number of the
telescope beam. Alternatively, the available f-number of the telescope beam decides
the maximum resolving power of the FP. Generally the resolving power available
with the commonly used f-numbers are between 300-1000. This is not very useful to
make detailed kinematic maps as in the case of classical configuration, but remains

a powerful technique in practice for reasons discussed below.

6.6 Telecentric vs Classical Configuration

1

The main concern in imaging spectroscopic observations is to obtain a reasonable
S/N ratio over the required spectral coverage in a limited time of one night. In
the classical mode of operating the FB the etalon needs to be scanned by changing
the cavity gap to cover the entire spatial extent of an extended source. As the gap
is changed in suitable steps, the diameters of the fringes keep changing providing
the spectral and spatial coverage. Now, the intensity variation with step size at any
single pixel will constitute the line profile corresponding to that particular spatial
position. The phase variation of the line profile across the field of view is then
determined by using a standard laboratory source. During the observations at the
telescope, this calls for obtaining images at 40-50 steps(gap settings) of the FP (for
a nominal finesse of 20-25). Given the problems of large sky background in the
infrared, that requires sky subtraction for every frame, the time factor gets doubled

which makes the procedure equivalent to obtaining images at 80-100 steps.

In the telecentric mode, since the image is formed by the converging beam

directly on the array, one can dispense with the statutory phase correction required

116



due to the non-linear dispersion of the etalon. Hence, it suffices to obtain images
only at 5-10 steps around the spectral line of interest to which the FP is tuned (see
Section 5) and still get what is required. This infact gives more than one Nyquist
sampling in the spectral domain. Considering the sky subtraction factor, the total
time amounts to obtaining images at 10-20 steps, which is a factor of 5 smaller
compared to the classical mode. It is therefore highly advantageous to use the tele-
centric mode while operating FPS in the infrared at moderate resolutions. Another
important advantage of the telecentric mode is the relatively simple data reduction
procedure that can be carried out using regular CCD processing routines in the as-
tronomical image processing softwares like IRAF or MIDAS. Analysis of the data
obtained in the classical mode requires specially written software packages like the

one used for TAURUS (Atherton et al. 1981).

6.7 PRL Infrared FP Etalon

The manufacturer-quoted parameters of the PRL near-infrared FP etalon are sum-
marized in Table 6.1. It is coated to perform best in the 2-2.5um region. Infrared
etalons transmit very little in visible and therefore one can not see through the
etalon easily to identify fringes, like in the case of optical etalons. However, our
experience shows that the Helium spectral lamp has some strong emission lines
that pass through different orders and form reasonably sharp fringes that can be
seen visually. In fact, the etalon coating is such that there exist a few broad-band
low transmission windows in the visible. However, this is of great help while doing

parallelism adjustments.

The scanning of the FP etalon is done by the computer generated pulses
fed through a RS232 interface in to the servo-control system CS100 (Queensgate,
UK). The scanning step size and the scanning length can be chosen through the
computer. At each step of the scanning the signal can be integrated for a chosen
time. Typically a total of 135 steps of scanning are required to cover one FSR

which is 0.0225 xm at 2.121 um for the present case. Each such step effects a gap
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Table 6.1: Manufacturer-quoted parameters of the PRL IRFP

Usable aperture 50 mm

Wavelength range 2-2.5um

Reflectivity 95%

Free spectral range (FSR)(at 2.2um) | 0.02um (3000km s71)
Resolving power (A/4)) 5000

Velocity resolution 60km s™?
Resolution(é\) 4 x10™*um

change of 1.67x10~*um corresponding to a Doppler velocity resolution of 23.6 km
s—1. The FWHM of the instrumental function was measured to be A = 0.0014 ym
or 212 km s~! in Doppler velocity having a sampling of 9 steps. A finesse of 16
has been realised with this mode of operation. By decomposing the profiles using
gaussian fitting (Anandarao & Rao 1985) it is possible to resolve features separated '
by around 90 km s~! in cases of high S/N ratios. In such cases a resolving power of

about 2500-3000 can be achieved.

6.7.1 Characterization

'I“he FP needs to be adjusted for parallelism before inserting into its chamber. Al-
though the parallelism adjustments are made by using pre-determined standard
CS100 settings, it is possible to make a quick confirming test before starting the
night observations. A simple technique by which one can adjust the parallelism to
a very good extent is by visually looking at the fringes formed by using a standard
Helium source. The thumb rule is that, if the etalon is perfectly parallel, the fringe
pattern should remain steady when one scans with the eye across the etalon face in

two orthogonal directions.

The characterization test for the telecentric mode is different from the con-
ventional classical configuration. As described in Section 2.4 the resolution of the FP
is decided by the acceptance angle and therefore on the telescope f-number. Charac-

terization of the FP involves determining a few parameters in operating conditions.
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Table 6.2: PRL IRFPS parameters in telecentric mode

Free spectral range (FSR) | 0.0225um (~3000km )
Instrument FWHM (é)) 0.0014 ym

Finesse 16
Resoving power (\/6A) 2500
Velocity resolution 212km s™?

To do this, it is possible to artificially generate a beam similar to the telescope beam
and perform these tests. Alternatively, the tests can be done in real time observ-
ing conditions; i.e., FPS attached at the back-end of the telescope along with the
IR camera. This is the best way since it would simulate real time conditions and
will show up problems related to alignment and that of ghosting due to internal
reflections if any. The FP etalon was mounted in its chamber at the telescope after
parallelism adjustments were made. The aim was to determine the effective pa-
rameters of the spectrometer namely FSR, finesse and CS100 etalon constant. The
telescope was pointed to the flat-fielding screen which was illuminated with a Kryp-
ton lamp source. Images were acquired with appropriate integration time (typically
1-2sec) at each scanning step while keeping all external conditions constant. The
FP is scanned between extreme limits that can be achieved using the CS100 con-
troller. Table 6.3 is a summary of the resulting parameters in the telecentric mode

with the Gurushikhar 1.2m telescope.

6.7.2 Tuning of the FP

Once the emission line of interest is chosen, the appropriate pre-filter is brought to
position inside the camera and the FP is tuned to the line of interest. It is customary
to adjust the CS100 z dial settings to the standard values that are pre-determined in
the laboratory. We have found that this laboratory calibration has remained stable
to an accuracy of less than one step in more than 3 months. However, in cases where
it is required to do the tuning from scratch, the following method maybe adopted.

The telescope is aimed at the flat-fielding screen illuminated with a Krypton lamp
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and the FP is scanned until the Krypton line ( 2.1165 ym) peaks up. This can be
done by setting the camera into movie mode (continuous display) and monitoring
the mean counts of the frames. Now, since the relation between any wavelength
and the Krypton line known by laboratory experiments, the same can be used to
compute the required CS100 z settings. A short cut to this procedure is possible if
a bright planetary nebula or an HII region like the Orion nebula is available in the
sky during observations. For example, z values at which emission lines like H, and
Bry will peak-up can be found in less than 2-3 minutes with a 1.2 m telescope using
Orion nebula. This technique works well for resolving powers of upto 2000 which
is equivalent to about 150 km s~! since the velocity dispersion in these nebulae
are not more than this value. Most IRFP’s operative elsewhere today are used at
resolving powers in this range and for the purpose of very narrowband imaging. It
is therefore practical to use simpler calibration procedures as described above. For
instance, the H, S(1) line from Orion peaks at step number 67 and 200 with the

PRL IRFP control software, while scanning at the 192 step resolution.

6.8 Observations and data analysis

Once the FP is tuned to an appropriate line, it is required to obtain images at dif-
ferent gap settings of the FP, spaced equally around the line. Although a minimum
of 3 steps will suffice the purpose, the choice of the total number of steps is left
to the observer and depends on the type of the object. An object and a sky frame
has to be obtained for each FP setting. The median-combined sky frames at each
FP setting form the respective flat frames. The data is reduced using standard CCD
processing routines like CCDPROC of IRAE Reducing the frames at each FP setting
will result in a stack of images that form a data cube. The data cube consists of
‘the XY plane of the image and a Z dimension which is the image number (wave-
length). The Z dimension is the spectral dimension and the pixel-to-pixel variation
across this dimension gives the wavelength profile. Preliminary observations were

carried out using the 1.2 m Gurushikhar Infrared Telescope Facility (GIRT) at Mt.
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Figure 6.3: Orion Nebula through different steps of PRL IRFP

Abu. We have imaged a 4’ x 4 region centered on the well known BN-KL region
of the Orion nebula. Fig 6.3 shows the resulting images at different steps of the
etalon gap. One can notice the brightening of the nebular matter emitting the v
= 1-0 S(1) vibrational transition of molecular hydrogen at 2.121 pum as the etalon
gets gradually tuned to the emission line by the process of scanning. Using the line
profiles obtained on this source we estimate a finesse of 16, that reconfirms our

result obtained with laboratory standard spectral source.
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6.9 High-Resolution Spectrophotometric Imaging in Emis-
sion Lines - NIRFPS as a Tunable Filter

Near-infrared emission lines of the hydrogen atom and molecule are some of the
most intense lines originating from star forming regions. The ratio of intensities of
molecular lines arising from transitions of different vibrational levels can be used
to recognise the mechanism of their excitation. A knowledge of the mechanism
would in turn throw light on the energetics involved in the regions of recent star
formation. The spectro-photometric imaging technique can be exploited to map
regions in two or more lines and from the ratio of the maps one can delineate the
shocked/UV fluorescing regions. Narrowband images in H, and Bry can reveal the
molecular and atomic hydrogen distribution in the star forming regions. Thus, in
addition to being a moderate resolution spectrometer, one can use FPS as a tunable
filter of very narrow bandwidth with FWHM ( ~ 0.0014um ) to image regions of

star formation.

Depending on the typical line width from the source and the resolving power
of the FPS, it is required to obtain one or two images to form a narrowband image.
If the FWHM of the FPS is comparable to or smaller than the source line widths,
then a single image with a good wavelength centering will form a narrowband
image. If the FWHM of the FP is much larger than the source linewidths then it is
required to obtain two images to produce a good narrowband image. One image
with the FP tuned to the on-line wavelength and another by detuning the FP to an
off-line wavelength. The difference image results in a continuum-subtracted line
image. Continuum-subtraction is a difficult and relatively inaccurate procedure
while doing with conventional narrowband filters. But the Fabry-Perot technique
gives a better way of subtracting the continuum. This is due to the fact that FP
provides exactly the same filter profile (in shape and transmission) both at the on-
line and off-line wavelengths unlike the interference filters that can have different
shapes and transmissions for on-line and off-line bands. Also the FPS has a great

advantage while imaging the close environments of young stars, where the regions
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of interest are highly contaminated by the continuum emission from the star. The
extremely narrow bandwidth of the FPS can select the emission line of interest
critically and reject the continuum very efficiently. For this reason, the FPS is very
useful even while studying jets that are seen tracing all the way upto the stellar
seeing disk. The technique is also very useful in making accurate observations of

galaxies with closely-spaced adjacent redshifts.
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Epilogue

This thesis is an outcome of our efforts to start a viable programme on low mass star
formation studies at Physical Research Laboratory. The acquisition of the country’s
first Near-Infrared Camera by PRL (PRLNIC), based on the NICMOS3 concept, made
it possible to begin our programme. In this context, myself and Anandarao initiated
the studies on low mass star formation that are among the brightest sources in the
sky and an ideal topic to pursue with a small telescope like that of 1.2m Gurushikhar
telescope (GIRT). This pursuance also had the background of our prior interest in
star formation studies, in particular, those carried out by Raju et al. (1993), Seema
(1994), Chakraborty and Anandarao(1997, 1999) using Fabry-Perot techniques in
the optical wavelengths. A new FP etalon that was purchased by the division was
awaiting to form an instrument for the future that would operate with the Infrared
Camera. The construction of this instrument, namely, a Near-Infrared Fabry-Perot
Spectrometer (NIRFPS) has been completed during this period (Anandrao et al.
1999).

Naturally, our research was aimed at the current problems in low mass star
formation and therefore, the outflows and disks associated with young stars were
our prime targets. We started with an optical survey for new Herbig-Haro objects
with the 2.3m Vainu Bappu Telescope at Kavalur in 1997 that yielded positive re-
sults in L1340 dark cloud and further studies were pursued at KPNO, USA that was
made, possible by Bo Reipurth. We discovered HH487,488 and 489 in L1340. The
NIR camera on GIRT was used to study L1340 in the near-infrared. Meanwhile,
outflow candidates that were to be studied solely in NIR bands were chosen and
observed with the PRLNIC at Gurushikhar. RNO 91 was among the first of those ob-

jects, that has opened up several projects to be continued in the future. We detected
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extended shocked molecular hydrogen in the midst of a cold protostellar envelope
using our PRLNIC grating spectrometer. Narrowband images of RNO 91 were ob-
tained with IRCAM3 on UKIRT in a colloborative program with Chris Davis, and the
results of the work were summarized in a paper by NandaKumar et al. (1999). The
narrowband imaging of RNO 91 clearly resulted in the realization that it is impossi-
ble to make a good continuum-subtracted image in cases like that of RNO 91 where
more than 80% of the light is continuum. This has opened up a challenging and

"appropriate” project for our new instrument NIRFPS.

The work on RNO 91 immediately brought to our notice that there exists disk
structures in the cold envelopes (Weintraub et al. 1994) too, which are common
and have a host of questions that need to be answered. Several other objects also
have properties similar to RNO 91 and therefore we found there exists an important
sample of objects that are useful in studying the disks. The heirarchy of disks is
an important aspect in the studies of star formation and therefore we went on to
study the classical Keplerian disks also, in connection with the new ”Cold Disks”
that we found. At this juncture, came in the results of Dutrey et al. (1996) of
imaging the Keplerian disks in the millimeter emission with the upgraded IRAM
interferometer. The work of Greene and Meyer (1995) and Greene and Lada (1998)
had demonstrated the power of infrared spectroscopy to study circumstellar disks
and was also an ideal project that could be carried out on a 1m class telescope. We
therefore chose a sample that would result in a comparitive study of hot and warm
disks for which multiwavelength information could be made available, although a

subset of the sample still needs to be observed in the coming observing season.

These efforts have finally resulted in a set of ongoing and new projects to
study the hierarchy of disks, to understand the cold disks and their connection with
the warm and hot disks, and to study poorly collimated outflows like RNO 91 which

may have an important relation to cold disk structures in protostellar environments.
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