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Synopsis

1 Introduction & Motivation

Young low mass stars are formed by the fragmentation and gravitational
collapse of cold dense molecular clouds. Due to their initial effective an-
gular momentum, once the gas starts collapsing, they will form a central
protostar with a rotating disc and envelope accretion system around it. The
final mass this central pre-main sequence star will attain is decided by the
efficiency of this disc-envelope accretion. While the overall stages of low
mass star formation are known, the details of the physical processes that
govern the evolution in each stage are poorly understood. In order to trans-
port matter inward in a disc, it should lose its angular momentum. Molec-
ular viscosities between radial layers in the disc are inadequate by orders
of magnitude for transporting angular momentum. Turbulences can give
rise to effective large viscosities which can result in the inward movement
of matter from the outer disc to the inner disc. Outflows like disc winds are
also capable of carrying away angular momentum by magnetic torquing.
While all this complex accretion physics is going on, in parallel, planets
also form in the disc by grain and pebble growth. The launching mecha-
nism of the collimated outflows, accretion mechanism, angular momentum
transport, grain growth for planet formation etc, are all still poorly under-
stood. It is not yet clear whether protostars accrete matter continuously,
however, several open puzzles in low mass star formation like the “Lumi-
nosity Problem” (mismatch between the observations and the statistically
expected luminosity due to accretion from the disc to the star), or the peri-
odic high density knots seen in the outflows of young stellar objects (YSOs),
could be naturally explained if the protostars are assumed to be accreting
episodically (Kenyon et al., 1990; Evans II et al., 2009; Plunkett et al., 2015).
Such a sudden accretion outburst resulting in thermal heating of the disc
can play an important role in planet formation (Stamatellos, Whitworth,
and Hubber, 2011) and the overall chemistry of the protoplanetary disc. For
example, they could explain silicate crystallisation (Ábrahám et al., 2009),
formation of Calcium-Aluminium-rich Inclusions (CAIs) and Chondrules
detected in comets (Connelly et al., 2012).

Observationally, over the last few decades, accretion from protoplan-
etary discs to young protostars has been found to be episodic in nature.
These high accretion events occur after spending a long time in quiescence
and they last for durations of a few months to a few years (known as EX-
ors) to decades or longer (known as FUors). The accretion rate increases by
a factor of 10 to 100 during this short period. Accretion outbursts are often
serendipitously discovered when they brighten by 3 mag (EXors) to 5 mag
(FUors) in the optical band. Detection of these outbursts is extremely rare
due to their short duration in comparison to the ∼ 3 million years young
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stars spend in the disc accretion stage. There are only about 18 of such con-
firmed sources which have been discovered so far. Analysis of the detec-
tion number statistics implies that every low mass star will undergo these
outbursts repeatedly (approximately 50 times) during its formation stage
(Scholz, Froebrich, and Wood, 2013). These episodic accretion events can
significantly change the pre-main sequence isochrones used extensively for
age and mass estimation (Baraffe, Vorobyov, and Chabrier, 2012). Even
though various instability models have been proposed in the literature, the
newly discovered FUors & EXors light curves show a much more compli-
cated behaviour than predicted by the models (Audard et al., 2014).

If we assume the angular momentum taken away by the outflow to be
equal to the angular momentum transferred from the accretion, a linear
relation can be obtained between the outflow rate and the accretion rate
(Konigl and Pudritz, 2000). Hence, almost all theoretical models of outflow
driving mechanism predict the outflows to be proportional to the accretion
rate (observations also confirm this relation). The large variability in the
accretion rate (factor of 10 to 100) in a short time scale (a few years), makes
FUors and EXors the best laboratories in the sky to understand various ac-
cretion and outflow related effects on protoplanetary discs and envelopes.
They are also unique laboratories to test various outflow models by moni-
toring the simultaneous evolution of the outflow with respect to the accre-
tion rate.

Hence, we started a long-term multi-wavelength monitoring program
to characterise and study the FUors and EXors phenomena in detail. This
long-term monitoring program was named Monitoring FUors and EXors Sources
(MFES). Section 2 contains the methodology and multi-wavelength obser-
vations carried out in the study. Results from the study are presented in
Section 3.

A significant fraction of these FUor and EXor objects chosen for the
MFES program are heavily extinct due to the envelopes around them. In
those sources, in the optical band, we could only detect the reflection neb-
ula. In order to probe the central young star and the inner regions of the ac-
cretion disc, we needed to observe them in near-infrared and longer wave-
lengths. Initially, we started our near-infrared observations using the 512×
512 HgCdTe array NIRCAM camera and 512 × 512 InSb array TIRCAM-II
camera. Their small array size and lack of spectroscopic capability were a
major limitation to the study. Hence, we decided to collaboratively develop
a larger array (1024 × 1024) TIFR Near Infrared Spectrometer and Imager
(TIRSPEC) with spectroscopic capability for the high altitude (4,500 m amsl)
2 m Himalayan Chandra Telescope (HCT), Hanle, India. My contribution to
the instrumentation of TIRSPEC and a few other infrared instruments are
summarised in Section 4.

During my doctoral work, I also released a few unified general purpose
pipelines for the reduction of optical and near-infrared data (both imaging
and spectroscopic) for the general user community of these instruments.
Section 5 summarises the overall software design principle and capabilities
of these pipelines. Finally, Section 6 concludes with the major results on
outflow and accretion mechanisms in YSOs from our MFES program, and
also the status of the instruments and software developed as part of this
thesis work.
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2 Methodology & Observations

Typical young solar mass pre-main sequence stars (like most of FUors &
EXors) have temperatures of the order of ∼3000 K. They mostly emit in
the optical bands. The innermost part of the accretion disc also reaches
temperatures of similar order and typically dominates the radiation in the
optical and near-infrared bands during an accretion outburst. The accretion
shock plasma at the base of the accretion funnel on the surface of the central
star strongly emits in the X-ray band. The remaining part of the disc and
any left over envelope are the dominant emitters in the far-infrared band.
Weak free-free emissions in radio are also expected from the small H II

regions created by the shocks due to the central accretion or the outflows.
Since our aim is to study outflows and the inner disc environment,

where the instability occurs during an accretion outburst, we decided to
carry out long-term continuous monitoring of the optical and near-infrared
fluxes from the sample of FUors and EXors which are currently undergoing
outbursts. We started the monitoring project, MFES, using optical and near-
infrared facilities in India and abroad. The following subsections briefly
outline the motivations and the physics probed by our observations at dif-
ferent wavelengths.

2.1 Optical (3500 Å to 9000 Å)

During an accretion outburst in FUors and EXors, the optical continuum in-
creases by a factor of 40 to 100. The energy output is completely dominated
by the gravitational energy released from the inflow at the magnetosphere.
Multi-band continuous photometric observations in U, B, V, R and I bands
were carried out to track the evolution of the accretion, extinction, and pe-
riodic as well as non-periodic variations in the illumination by the central
source. Along with the imaging observations, for the detailed kinemat-
ics as well as other physical environmental diagnostic measurements, we
also carried out optical spectroscopic observations in the wavelength range
3500 to 9000 Å. Fluxes of various spectral lines gave an independent mea-
sure of the accretion rates, temperature, density etc. They also enabled us
to track the evolution of outflow/wind from the innermost region at differ-
ent accretion rates. The instruments we used for our optical observations
are the HFOSC instrument on the 2 m HCT (Hanle, India), the IFOSC in-
strument on the 2 m IUCAA Girawali Observatory (IGO) Telescope (Pune,
India) and the High Resolution Spectrograph (HRS) instrument on the 11
m South African Large Telescope (SALT) (Sutherland, South Africa).

2.2 Near-infrared (1 µm to 2.45 µm)

Near-infrared imaging and spectroscopic observations are also as impor-
tant as optical since both the wavelength ranges are dominated by radia-
tion from the inner instability region and magnetosphere. Unlike the optical
wavelengths, the near-infrared wavelength is less affected by the extinction.
Due to the heavy extinction of the central illuminating source, many of our
sources in the MFES program were visible only in the near-infrared bands.
Imaging in the near-infrared bands enabled us to do various colour-colour
and colour-magnitude analyses. Near-infrared spectroscopy enabled us
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to monitor magnetosphere accretion from He and H lines (Paschen and
Bracket series), and also the evolution of the outburst disc environment us-
ing characteristic lines of FUors and EXors originating in the disc (eg: CO
molecular band heads at 2.29 - 2.4 µm). The instruments we used for our
near-infrared observations are TIRCAM-II on the 2 m IGO & the 1.2 m PRL
telescope at Mount Abu (Rajasthan, India), and TIRSPEC & NIRCAM on
the 2 m HCT.

2.3 Far-infrared (70 µm to 500 µm)

Since the far-infrared flux in YSOs is dominated by the extended outer disc
and left over envelopes, the timescales of the variation in far-infrared flux
are quite large in comparison to the optical and near-infrared wavelengths.
Hence, we do not have to continuously monitor in far-infrared at the short
timescales as we carried out our optical observations. We used multi-epoch
far-infrared archival Herschel data to constrain the environment of FUors
and EXors to estimate the envelope parameters, age, existence of outflow
cavity etc.

2.4 Radio Continuum (1280 MHz)

The H II regions which can give rise to free-free emission in the radio band
due to accretion or outflow shocks in young eruptive stars are very close
to the detection limit of GMRT, India. We attempted to observe a selected
sample of our sources using GMRT at 1280 MHz. However, we failed to
detect our sources. Nonetheless, non-detection provided us upper limits
on the Lyman continuum flux as well as the extent of H II regions around
these sources which are currently undergoing outburst.

3 Intermediate FUors - EXors

For this thesis, among FUors and EXors in our MFES program, based on
our preliminary analysis, we selected the most peculiar ones for a detailed
study. Particularly, properties of V1647 Ori and V899 Mon seemed to fall at
an intermediate region between the classical FUor and classical EXor prop-
erties. They had a mixture of spectroscopic signatures from both the fami-
lies of outburst, and unlike classical FUors, they showed significant accre-
tion variations over a timescale of a few years. Both of them also stopped
their first accretion outburst abruptly to spend a short duration in quies-
cence and returned quickly to a long second outburst. This property alone
makes these sources the ideal laboratories to test various disc instability
models and accretion-outflow models. The first step of the study was to
quantitatively characterise their outburst environments and detect any evo-
lution at different phases of their outburst.

3.1 V899 Monoceros

In the Catalina Real-time Transient Survey (CRTS), V899 Mon (aka. IRAS
06068–0641) near the Monoceros R2 region, located 905 pc away (Lombardi,
Alves, and Lada, 2011), was found to be suddenly undergoing an increase
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in brightness. This discovery was first reported by Wils et al., (2009). We im-
mediately started observing this source as part of our MFES program from
2009 November 30. The first step was the characterisation of the central
pre-main sequence star. Using mid-infrared fluxes from the WISE survey,
we obtained the mid-infrared slope of V899 Mon to be -0.5, which makes it
a flat-spectrum source or an early Class II YSO. The increase in brightness
during the outburst was 3 magnitude in the optical band. Since during an
outburst, the flux is dominated by the accretion process, the colours rep-
resentative of central sources can only be seen during its quiescent phase.
Comparing all the colour combinations of U, B, V, R and I magnitudes from
our observations during the quiescent period with Siess, Dufour, and Fores-
tini, (2000) isochrone colours, we could constrain the mass of V899 Mon
to be ∼ 2 M�, and the extinction to the central source AV to be ∼ 2.2 - 4
mag. These values were also found to be consistent with the estimates of
extinction from near-infrared (J, H, KS) colour-colour diagrams as well as
the SED analysis. Far-infrared Herschel SPIRE and PACS images showed a
heavy clump (mass ∼ 20 M� ) at the location of V899 Mon. From extinction
estimates, we could conclude that the clump is not obscuring V899 Mon.
However, the clump is thermally connected to V899 Mon, since we detect
changes in far-infrared flux at two different phases of the V899 Mon’s out-
burst. We concluded that it is either behind V899 Mon or we are seeing
V899 Mon’s optical light escaping through an outflow cavity. Spectral line
profile shapes and high velocity component values in forbidden lines origi-
nating from jets also implied V899 Mon to be at a very low inclination angle.
From these spectral line fluxes, we estimated the accretion rate, mass out-
flow rate, density and temperature in jets etc. Spectroscopically, V899 Mon
showed a mixture of FUors as well as EXors signatures. While magnitude
change and timescales were characteristics of EXors, higher level H atomic
lines as well as CO lines were seen in absorption like in an FUor. Hence,
V899 Mon clearly falls between the classical FUors and EXors.

During our monitoring period in 2010, V899 Mon suddenly increased
its outflow strength and velocity to very large values (> 800 km s−1). We
could also detect large variations in lines like O I λ7773 which measures tur-
bulence in the disc during this period. Optical and even mid-infrared flux
observations by the WISE telescope during this period showed significant
fluctuations. By 2011, V899 Mon suddenly stopped its first outburst and
transitioned to the quiescent phase. Surprisingly, just after one year in the
quiescent phase, it returned to a second outburst phase. V899 Mon is still
continuing its second outburst (until our recent observation in March 2016).
As a first step, using the extinction law and spectral line flux changes, we
ruled out the hypothesis that a temporary dust obscuration was the pos-
sible cause of dimming of V899 Mon (such events of dust obscuration are
seen in UX Ori systems). We could conclude the quiescent phase to be a
real period of reduced accretion, and during that phase, the accretion rates
dropped by atleast a factor of 4. The evolution of the optical colours at
different phases of transition showed the SED temperature of the optical
flux was coolest during the transition phase (not at the quiescent phase!).
This change in temperature was confirmed to be unrelated to the change in
extinction by calculating the extinction invariant colour coefficients. Such a
trend is consistent with what would be theoretically expected when the out-
burst originates in a disc cooler than the photosphere temperature (which
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is seen during the quiescent phase). Hence, these measurements provide
observational support for disc instability models of outburst. Our spectro-
scopic monitoring of V899 Mon’s transition from the first outburst phase to
the quiescent phase and back to the second outburst phase was at a tem-
poral frequency which has not been possible in any other FUors or EX-
ors. Hence, we could track the accretion and outflow evolutions at an un-
precedented interval. Our spectra showed that the outflows, indicated by
the P-Cygni profiles, completely disappeared when the source went from
the first outburst phase to the quiescent phase. Outflows later reappeared
gradually only after V899 Mon reached the peak of the second outburst.
Overall, this is consistent with the theoretical outflow models which pre-
dict outflows to be proportional to the accretion rate. During our further
monitoring in the second outburst, we detected significant decoupling in
the instantaneous outflow strength to the accretion rate. We could detect
high velocity episodic outflow variations in timescales as short as a week
as shown in Figure 1.
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FIGURE 1: Outflow evolution traced in our medium reso-
lution spectra (left figure) from 2009 to 2016 of the Hα line
profile of V899 Mon. The main three epochs of HRS obser-
vations (shown on the right) are marked in the left figure.
The variation in the extent of blue-shifted absorption shows
the variation in peak velocity of the outflow at each epoch.
The vertical dashed line is the center wavelength of the Hα

line.

In order to study the evolution of these outflow components, we took
high resolution (R∼37000) optical spectra using the HRS instrument on the
11 m SALT at four different epochs. First, second, third and fourth observa-
tions were separated by a year, four days and two months respectively. We
detected a change in velocity from -722 km s−1 in 2014 December to -425
km s−1 in 2015 December and to -550 km s−1 in 2016 February. Such large
velocity changes, when the accretion rate remains fairly steady over these
epochs, have never been seen in any YSOs. We did a detailed comparison
analysis on possible outflow mechanisms proposed in literature by various
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simulation groups and concluded that we might be seeing the signatures
of magnetically driven polar winds predicted in magnetohydrodynamics
simulations (see Section 3.3).

3.2 V1647 Orionis

V1647 Ori is located in the L1630 dark cloud of Orion, 400 pc away from
us. It underwent a sudden outburst of ∼5 mag in the optical band in 2003
(McNeil, Reipurth, and Meech, 2004; Briceño et al., 2004) and illuminated
a reflection nebula, now named as McNeil’s nebula after its discoverer Jay
McNeil. This is one of the extensively studied young eruptive stars in lit-
erature. V1647 Ori is a 0.4 Myr Classical T-Tauri star which has a disc
of mass 0.05 M� and an inclination angle of ∼ 61o (Acosta-Pulido et al.,
2007a). Accretion rate of V1647 Ori has been 5 × 10−6 M� yr−1 during
outburst phase and 5 × 10−7 M� yr−1 in quiescent phase (Acosta-Pulido
et al., 2007a). Archival data shows∼37 years prior to the 2003 outburst, i.e.,
in 1966, V1647 Ori had undergone a similar magnitude outburst, lasting
somewhere between 5 and 20 months. What made this source very exciting
is that after the source ended its 2003 outburst in 2006, within 2 years of qui-
escence it underwent a second outburst in 2008. It has been in an outburst
state ever since (till our last observation in March 2016).

We started long-term continuous monitoring of the second outburst on
2008 September 14. To remove contamination from the strong non-uniform
reflection nebula background, we developed a background interpolation
based photometry and obtained accurate photometry of V1647 Ori observed
in 110 nights spanning 5 years. We detected V1647 Ori to be undergoing
a slow dimming at a rate of 0.04 mag yr−1 during its ongoing seemingly
“plateau" shaped outburst phase. This rate is six times slower than the
rate of dimming during the previous 2003 outburst. We could also detect a
very interesting faster decline in the amount of light escaping via the cav-
ity from accurate photometry of a knot in the reflection nebula. The V1647
Ori magnitudes also showed significant fluctuations in a timescale of a few
days. At this rate of gradual dimming, scaling the duration of the first out-
burst, V1647 Ori will most likely remain in the outburst phase till ∼2020.
By studying how the illumination on the reflection nebula has drifted over
time, we could detect a consistent evolution in the circumstellar gas dis-
tribution between the 1966, 2003 and 2008 outbursts. The up and down
movement of V899 Mon in the near-infrared colour-colour diagram along
the reddening vector at different phases of the outbursts strongly hinted at
a repeated dust sublimation of atleast AV ∼5 mag between both the out-
bursts. We could detect forbidden [O I] λ6300 and [Fe II] λ7155 lines, which
implies the existence of shock regions of T ∼ 9,000 - 11,000 K and ne ∼
105 -106 cm−3, probably originating from jets. We could detect continuous
strong outflows (∼350 km s−1) formed near the magnetospheric accretion
region in the P-Cygni profile of Hα line. Interestingly, we could also detect
two short duration episodic winds with a H column density ∼ 3.4 × 1020

cm−2 in 2008 October and December (derived from the P Cygni profiles in
Ca II IR triplet lines). Such episodic winds were detected for the first time in
this family of objects, most likely driven by magnetic reconnection events.



xxviii

3.3 Constraints on Physical Mechanism

Constraints from the short duration quiescence

Theoretical models that are available in the literature for explaining FUor/EXor
outbursts can be broadly classified into three types. The first kind of model
is purely a thermal instability model, initially proposed for dwarf nova sys-
tems and was later adapted for the FUors kind of outbursts (Bell and Lin,
1994). The second kind of model involves a binary companion or planet,
which perturbs the disc, causing repeated sudden high accretion events
(Bonnell and Bastien, 1992; Lodato and Clarke, 2004). The third kind in-
vokes gravitational instability (GI) in the outer parts of the disc and also
triggers magnetorotational instability (MRI) in the inner regions of the disc
(Zhu et al., 2009, and references therein). In Bell and Lin, (1994) model,
the thermal instability (or MRI in MRI based models) is triggered when the
surface density in a region of the disc rises above a critical density (corre-
sponding to a critical temperature). Due to the high effective viscosity, as
a result of the eddies in instability, the disc will drain faster and it will go
back to the quiescent phase when the surface density drops below another
critical density. The viscous timescales determine the duration of the out-
burst and quiescent phases. Hence, to fill up the disc, it is fundamental for
both the thermal instability and the MRI instability models to have a longer
duration in the quiescent phase than in the outburst phase. This is in sharp
contrast to the short duration quiescence seen in V1647 Ori (∼ 2 years) and
V899 Mon (∼ 1 year) between their first and second outbursts. We did a
quantitative analysis of the timescales in V1647 Ori based on the viscous
alpha (α) disc model, and concluded none of the instability models which
need the disc surface density to toggle between two critical densities can
explain the light curve of V1647 Ori. This is so in the case of V899 Mon’s
light curve also. While for the large timescales (decades) of outbursts and
quiescence, these instability models are valid, we need to look for other
mechanisms which can pause the accretion for a short period without hav-
ing to drain the disc below the critical density to explain the short period
quiescence detected in V1647 Ori and V899 Mon. In case of V899 Mon, our
spectroscopic observations showed heavy outflow activity just before V899
Mon transitioned to the quiescent phase. This is consistent with various
disruptions due to magnetic funnel instabilities that can arise in magneto-
spheric accretion. Such instabilities can apply brakes to the accretion, since
the discs still have surface density above the critical density, they can restart
outburst immediately once the magnetic accretion funnel stabilizes. Hence,
we proposed such instabilities seen in simulations are consistent, and could
be the mechanism which can explain the short duration pauses in outburst.

Constraints from the episodic outflows

The large variations in the outflow velocity from V899 Mon at timescales as
short as weeks could give a constraint on the outflow driving mechanism.
Figure 2 shows the possible outflow mechanisms in a YSO from various
simulation studies in literature. Each of these outflow wind mechanisms
has characteristic stability timescales and outflow angles. Due to the likely
low inclination angle (deduced from extinction, spectral line profile, etc.)
of V899 Mon, outflows traced by the P-Cygni profile cannot be associated
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FIGURE 2: Schematic diagram of various outflow mecha-
nisms which could be present in V899 Mon.

with disc winds, X-winds or other conical winds from the magnetosphere
boundary. They can occult the line of sight and result in blue-shifted ab-
sorption only when the inclination angle is ≥ 30o. Typical stellar winds
driven by radiation pressure along the polar axis were also found to be not
variable enough to explain the large velocity changes like -722 km/s to -
425 km/s. Due to the terminal velocity limit in these winds we could also
rule out changes in optical depth to be the cause of apparent change in the
outflow velocity detected in the P-Cygni profile. When the disc truncation
radius due to the magnetosphere is outside the star-disc co-rotation radius,
there can be magnetically accelerated winds in the polar direction, similar
to the propeller regime high velocity outflow seen in fast rotating magne-
tospheres. After ruling out other mechanisms, we concluded that the most
consistent mechanism which can give rise to such unstable, clumpy, short
duration, high velocity winds are the magnetically accelerated polar winds
seen in simulations by Kurosawa and Romanova, (2012). To our knowl-
edge, V899 Mon has the most dynamically varying outflow strengths and
velocity among YSOs observable in the optical band. Hence, we propose
V899 Mon to be the most promising YSO to model and constrain various
magnetospheric accretion and outflow simulations of YSOs.

Constraints on outburst frequency: A Hierarchical Bayesian model

The fundamental question regarding FUors and EXors is their role in star
formation and the pre-main sequence evolution of YSOs. Do all young stars
undergo these outbursts? What fraction of the final mass of a star is accu-
mulated due to these outbursts? To answer these questions, their period of
recurrent outbursts, age-period relation, etc. have to be understood. There
have been some attempts to constrain these quantities by modelling occur-
rence of FUors events as simple binomial probability events (Scholz, Froe-
brich, and Wood, 2013; Hillenbrand and Findeisen, 2015). But, these models
have a major limitation that they are modelling the probability of detection
of outburst in a sample of YSOs observed at two different epochs. Hence,
by design these models are restricted to use only a small set of multi-epoch
surveys which are available.
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The vast amount of photometric astronomical data are spread across
many decades (and wavelengths) over the last century. I therefore modelled
the whole process as a hierarchical Bayesian model, which gives enough
freedom to make realistic models of multi-epoch, multi-wavelength astro-
nomical observations. This will in future enable us to combine and use all
the available archived photometric observations of the star forming regions
(from VizieR and other observatory databases) to estimate the outburst fre-
quency. The model being Bayesian also makes it straightforward to incor-
porate the probability distribution of the parameters from other observa-
tional methods like outflow knots, chemical abundance tracers of outburst,
etc. It also enables us to predict how the constraints get better as more as-
tronomical observations and data archives become available.

4 Near Infrared Instrumentation

Many of the sources in our MFES program are deeply embedded in the
envelope. In the optical band, the central source is heavily extinct, and
only the bright reflection nebula is typically visible around it. Hence, near-
infrared observations are crucial for studying these deeply embedded sources.
At the beginning of our project, the 512×512 HgCdTe array NIRCAM cam-
era on the 2 m HCT was the only near-infrared imaging camera available to
the general community in India. It had a small effective field of view (FoV)
of 1.8 × 1.8 arcmin2 which made it difficult to do accurate photometry us-
ing secondary standards in the field. For obtaining large FoV, TIFR IR lab
first upgraded TIRCAM to TIRCAM-II by using a larger Raytheon InSb 512
× 512 pixel Focal Plane Array. My contribution to TIRCAM-II camera de-
velopment was on the characterisation and calibration of the array and in
the development of the data reduction pipeline. We could do imaging from
J (1.2 µm) to L’ (3.6 µm) band. TIRCAM-II is currently being used with the 2
m IGO telescope, Pune. It is currently the only camera in the country which
can do imaging upto L’ band.

4.1 TIRSPEC

One of the major goals of the MFES program is to track the evolution of ac-
cretion rate and outflows during different phases of the accretion outburst
events. For measuring these quantities we needed to have spectroscopic
observation of the line strengths of the near-infrared lines like Brγ, He I,
etc. To meet this need, the TIFR Near Infrared Spectrometer and Imager
(TIRSPEC) (Ojha et al., 2012) was conceived. It was developed in collabora-
tion with M/s. Mauna Kea Infrared, LLC (MKIR), Hawaii, USA. TIRSPEC
was designed for the side port of HCT, which enables us to do near simul-
taneous observations in both optical and near-infrared bands by switch-
ing the ports using a tertiary mirror. It was designed to have a FoV of 5
× 5 arcmin2 in the imaging mode. We used multiple orders of a master
grism and order sorters to obtain slit spectroscopy from 1 to 2.45 µm at a
resolving power of ∼ 1200. Teledyne 1024 × 1024 pixel HAWAII-1 PACE
array detector was used as the focal plane array. In the initial phase of
the project, my contributions were on the software control and the wheel
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mechanisms (as summarised below). We have one central Instrument Con-
trol Server, which coordinates the Mechanism Control Server, Array Con-
trol Server and the client GUI. The readouts from the array are done non-
destructively by sample-up-the-ramp method at an optimal 3 µs per pixel
rate in parallel from four quadrants of the detector. Hence, each exposure
creates a 3-D data cube instead of a single readout image. This relatively
new method of array readout enabled me to implement novel features like
cosmic ray hit healing, saturation healing, non-linearity correction and non-
linear bias voltage subtraction, before fitting straight line slopes to the data
cube to generate the final image. These corrections significantly increased
the dynamic range of images enabling us to take images of fields which
contain both bright and faint stars simultaneously. For accurate photome-
try and spectroscopy, detector characterisations are very important. I quan-
titatively characterised the dark current, reset anomaly in HAWAII-I PACE
array, effective read noise, gain, linear regime of individual pixels, detec-
tor persistence and fringe issue, bad, hot and cold pixels. Reset anomaly is
a well known problem with HAWAII-1 PACE arrays, and from our noise
statistic studies, I concluded that they are not thermal in origin and has
features of a bias voltage non-linearly dropping with time after the last full
detector reset. Spectral resolving power as a function of wavelength was es-
timated from narrow lines in the Argon spectrum. After thorough testing at
TIFR, Mumbai, we transported the instrument to Hanle, and mounted it on
HCT (4500 m abmsl) in June 2013. We obtained our first light on 21st June
2013. After the installation of the instrument, during the engineering cali-
bration runs, from night sky observations, I characterised the instrument’s
plate scale, field of view, site’s sky background and stability, field of view
distortion, instrument flexure effects on slits and wavelength calibration,
throughput, photometric as well as spectroscopic sensitivity, and finally,
the colour equations for calibrating TIRSPEC magnitudes to the 2MASS
magnitude system. We also conducted a few mechanism repairs to cor-
rect problems caused by the drop in liquid nitrogen boiling point due to
low atmospheric pressure at the high altitude Hanle Observatory. We also
updated the slit lengths in July 2014 to do larger dithering patterns.

I also developed observation tools to help the observers estimate vari-
ous quantities like exposures, dither pattern, telescope shifts etc. A com-
plete data reduction pipeline was also developed by me to reduce both
imaging and spectroscopic near-infrared data. All the source codes (which
are not under ITAR regulation) are released to the general astronomy com-
munity. The instrument was released to the general community from May
2014. It is right now heavily used by a wide astronomy community for sci-
ence ranging from planetary sciences, to galactic star formation, to extra
galactic studies. TIRSPEC was also extensively used for our MFES obser-
vational program.

4.2 TIFR Far-Infrared Balloon Telescope

The IR group at TIFR has been observing in the far-infrared (FIR) band (120
to 220 µm) using the TIFR 1-m FIR balloon borne telescope (Ghosh et al.,
1988; Ghosh, 2010). To improve the pointing accuracy and aspect of the
scan maps generated by the FIR telescope, I developed a wavelet based sig-
nal processing pipeline for the optical photo diode array signal, which is



xxxii

generated as the telescope scans the sky for generating the FIR map. This
optical image was then matched with the optical sky to correct for any sys-
tematic offset in telescope pointing. The FIR data are obtained from a Fabry-
Perot Spectrometer which scans around the line of interest which is being
observed. A general tool was developed to process this data and generate
the map of the line strength and continuum separately. Using this, we gen-
erated [C II] 158 µm maps of nearby massive star forming regions which
are now being used to study various heating and cooling mechanisms in
photo dissociation regions in massive star forming regions.

5 Pipelines

MFES program being a long-term project spanning hundreds of nights from
multiple instruments in optical and near-infrared bands, we needed to de-
velop a systematic data reduction procedure and pipeline. Instead of a sin-
gle purpose pipeline to reduce MFES data, the pipeline was designed to be
useful to the general public for any of their science observations. Follow-
ing were the major design philosophies followed in the development of the
pipelines.

• Zero compromise on the reduction quality (with respect to manual re-
duction). Even if this means certain steps in reduction cannot be fully
automated. For example, manual inspection of raw data to discard
anything unusual was not automated.

• Minimise human interaction as much as possible.

• Unified interface for all the conceptually similar instruments. This
helps astronomers to easily switch between instruments without hav-
ing to learn a new pipeline each time.

• It should be usable by the general astronomy community who uses
these instruments for studies different from the type of observations
involved in MFES program.

• It should be modular, documented and re-factored enough to make it
easy to add more instrument support to the pipeline as new instru-
ments get commissioned in future.

• All codes are to be released to the public under GNU GPL 3+ license.
Code structure should be reusable at a modular level to enable users
to reuse them in their own programs or pipelines.

Pipelines were written by me in Python language to make use of the
existing standard astronomy/science libraries like astropy, numpy, scipy and
pyraf. All the codes are version controlled and hosted on Github and they
are being constantly updated and improved as more and more users give
feedback and suggestions. The algorithms of reduction are explained in the
corresponding papers mentioned in the pipeline web page.
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6 Conclusion

We carried out a long-term multi-wavelength monitoring of the FUors and
EXors sources (MFES program) to characterise and understand the erup-
tive outburst phenomenon seen in YSOs. We did a detailed analysis of two
of the most peculiar sources in the family of young eruptive sources, V899
Mon and V1647 Ori. They both showed a mixture of photometric and spec-
troscopic signatures of classical FUors as well as classical EXors; possibly
indicating that the distribution of eruptive young variables form a con-
tinuous spectrum, not bimodal. We detected V899 Mon undergoing short
term quiescence, and could monitor the simultaneous evolution of the ac-
cretion and the outflows. Our analysis of V899 Mon and V1647 Ori showed
that the pure disc instability models cannot explain the short period quies-
cence seen in both of these objects. We proposed support for mechanisms
which can temporarily pause magnetospheric accretion, without requiring
the disc surface density to drop below a critical value (as required by vari-
ous instability models). Our detection of heavily fluctuating high velocity
outflows in V899 Mon prior to the transition strongly suggests instabilities
in magnetospheric accretion. From our detection of large velocity fluctua-
tions in the outflow from V899 Mon, we could constrain the outflow mech-
anism, and probably made the first detection of the polar winds driven by
magnetic pressure similar to the winds in the propeller regime of a rotating
magnetosphere.

For the study of heavily embedded sources in the MFES program, we
also developed TIFR Near Infrared Imager and Spectrograph (TIRSPEC).
After the detailed calibrations and performance analyses, the instrument
was released to the public in May 2014, and it is heavily used by the astron-
omy community. Unified pipelines for data reduction of all the instruments
used in the MFES program (optical and near-infrared, imager and spectro-
graphs) were also written and released to the public under GNU GPL3+
license.
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Chapter 1

Introduction

The origin of our solar system has fascinated humanity from ancient times.
Modern rigorous scientific studies to understand the formation of planets
can be traced back to three centuries ago when Baffon (1749) first suggested
that planets were formed via condensation of materials knocked out of the
Sun by colliding comets. The current, well established theory of star and
planet formation from the collapse of nebular clouds (‘the nebular hypoth-
esis’) can be traced back to philosopher Immanuel Kant in 1755. It was
Laplace, in 1796, who formalised this nebular hypothesis of the formation
of a disc by the collapse of giant nebular clouds. He also refuted Baffon’s
idea, by arguing that if planets were formed by matter knocked out of the
Sun, those material’s Keplerian orbit would most likely crash them back in
to the Sun. However, Laplace’s nebular hypothesis could not explain why
the angular momentum of the Sun, which consists of 99.8% mass of our
solar system, has only 1% of the total angular momentum of our solar sys-
tem1. Hence, the nebular hypothesis lost its popularity and was replaced
by other competing models of two body interactions (which were in the
same spirit of Baffon’s theory). In the early half of the 20th century, var-
ious models in which material pulled out tidally from the Sun by other
flyby stars, condense into planets were put forth separately by Chamberlin,
Moulton and Jeans (1900s-20s). By the 1930s, many astronomers, mainly
Jeffreys, Russel, and Spitzer, identified various issues with these models.
For instance, the low probability of flybys by other stars, the difficulty in
attaining large orbits for outer planets, and the inability of the hot gas to
collapse into planets (ironically Spitzer used Jean’s equilibrium criterion it-
self to demonstrate this!). The nebular hypothesis finally made a come back
in the 1960s -70s in the form of protoplanetary disc models by the works of
Lyttleton, McCrea, Safranov, etc. (see Woolfson, (1993) for a detailed histor-
ical summary).

Currently, it is well established that stars and planetary systems form
by fragmentation and gravitational collapse of giant molecular clouds. The
conservation of initial net angular momentum of the collapsing clouds in
these stellar nurseries inevitably results in formation of a rotating accretion
disc around the protostars2. With the advent of space-based infrared tele-
scopes and ground-based sub-millimetre antennae over the last 3 decades,

1Even with the modern theories of angular momentum transport in protoplanetary discs,
angular momentum still haunts our theories in more subtle ways like it did to Laplace three
centuries ago!

2While it is also likely the case in high mass (>2 M� ) stars, due to relatively poor obser-
vational evidence compared to low mass stars, the last word on the question of formation
of accretion disc in high mass stars is not yet out.
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astronomers have revolutionised the understanding of this crucial baby-
stage of star and planet formation in deep stellar molecular cloud nurseries.

1.1 Life of a protoplanetary disc

The formation timescale of a protoplanetary disc is relatively very short
(∼104 years). It is a function of the rotation rate of the central core as well as
the free-fall time (Terebey, Shu, and Cassen, 1984). Since these parameters
are sensitive to ambient conditions like the magnetic field strength, initial
angular momentum, etc., it is quite likely that the initial masses and sizes
of protoplanetary discs are spread over a large range of values. The heavily
embedded initial cocoon phase, classified as Class 0, is not seen in optical
or near-infrared wavelengths. Their observational studies started only re-
cently after the development of technologies in the early 90s to probe them
in the far-infrared and millimeter wavelengths. After Class 0, the protostar
moves to Class I, Class II, and Class III stages3 before entering the main-
sequence life. They are classified based on the slope of spectral energy dis-
tribution (SED) in mid-infrared regime (Lada, 1987; Greene et al., 1994).
Class I stage typically lasts for about ∼ 0.5 Myr. About 50% of the final
main-sequence mass of the central star is accumulated by the early phase
of Class I stage (∼0.1 Myr). By the time the protostar with its circumstellar
disc system enters the Class II stage, they slowly clear their circumstellar
envelope cocoons and start becoming visible in the optical wavelengths.
Meanwhile, the accretion of matter from the disc to the central star contin-
ues for the lifetime of the protoplanetary disc, which varies from 2 to 10 Myr
(with a median of around 3 Myr). As the star becomes a Class III source, the
accretion rates drop significantly (typically classified as weak-line T-Tauri
stars). And finally, at a certain epoch, the disc suddenly vanishes in a short
timescale. Discs in this clearing process are called transitional discs. The
presence of mid-infrared flux excess at this stage, even when we do not
see any significant near-infrared excess implies, the disc vanishes inside-
out from the central source4 (see review by Williams and Cieza, (2011) and
references within). Figure 1.1 shows the summary of the formation stages
of a protoplanetary disc system.

All the processes of planet formation and the growth of a central pro-
tostar have to finish in this short period of circumstellar accretion disc’s
existence (median lifetime of ∼3 Myr). The physical properties and the
thermal state of the protoplanetary disc during its short period of existence
determine the environment in which planets and stellar systems have to
form. There is a complex radiative feedback in play here due to the self ir-
radiation of the released accretion energy. This heating significantly affects
the thermal and gravitational stability of the accretion disc, which in turn
influences the accretion rate.

3Between Class I and Class II, there is also an intermediate class of sources known as flat
spectrum sources. Their slope of mid-infrared SED falls between Class I and Class II.

4By mechanisms like photo-evaporation.
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FIGURE 1.1: Stages and timescales in the formation of a
star-planetary system from the collapse of giant molecular
clouds. Image Courtesy: Thomas Greene, American Scien-

tist, Jul-Aug 2001

1.2 Hints for episodic accretion

The crucial environmental parameters like the chemical composition, gravi-
tational stability, thermal state, etc., of the protoplanetary disc are governed
by the gravitational energy released from accretion. Hence, understanding
the evolution of the accretion rate during the lifetime of a protoplanetary
disc is imperative.

1.2.1 Luminosity problem

As mentioned in the previous section, half of the stellar mass is accreted in
the first∼ 0.1 Myr. It implies that, for a 1 M� star, the average accretion rate
during that period should be ∼ 5 × 10−6 M� yr−1, which will correspond
to a mean accretion luminosity of about 25 L� . This is much larger than
the average observed luminosities of protostars from far-infrared surveys
(Dunham et al., 2008). This famous problem in star formation is known as
the “Luminosity problem" (Kenyon et al., 1990; Evans II et al., 2009). Even
though the measurement of the accretion rates from the envelope to disc
is not that robust, there is no significant indication of a mismatch between
the expected and the observed accretion rates from the envelope to disc.
This open problem can be solved if we envisage the hypothesis that the
accretion from the disc does not occur at a constant rate, instead, it occurs in
intermediate short period bursts of high accretion events. Since most of the
sources we observe in a survey are statistically likely to be between these
accretion bursts, we would possibly detect only the lower rates of accretion
(Hartmann and Kenyon, 1996).
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1.2.2 Calcium-aluminum-rich inclusions & Chondrules

In our own solar system, the thermal history of our protoplanetary disc is
preserved in the chondrite meteorites. They contain complex millimeter
to centimeter sized objects called calcium-aluminum-rich inclusions (CAIs)
and Chondrules (see Figure 1.2). Radio dating of these objects show that
they were formed recurrently during the lifetime of our historical proto-
planeatry disc. CAIs can be formed only in high-temperature environ-
ments (>1300 K) and show signatures of recurrent re-melting. Chondrules
were formed by getting flash heated to melting point and slowly cooled at
slightly lower temperatures (<1000 K), recurrently over a timescale of ∼ 3
Myr (Connelly et al., 2012). These temperatures and timescales are easily
achieved in the inner part of the disc if the episodic accretion outburst hy-
pothesis is true. Chondrules and CAIs once formed at the inner parts of
the disc could get sprayed all over the outer regions of the disc via outflows
(Shu, Shang, and Lee, 1996), or/and via radial diffusion along the midplane
of the disc (Ciesla, 2007).

FIGURE 1.2: A slice of famous chondrite Allende meteorite
which has CAIs and Chondrules embedded in it. Courtesy:

Museum of Natural History, NY, USA

1.2.3 Outflows and the associated structures

Young stellar objects (YSOs) are also drivers of the spectacular, heavily colli-
mated outflows and jets seen in star-forming regions (see Figure 1.3). When
matter is accreted from the accretion disc, it also transfers angular momen-
tum to the central star. If the angular momentum is not taken away from
the system, a typical accreting classical T-Tauri star (CTTS) will reach break-
up speed within the timescale of a million year. However, observationally
CTTSs are found to be rotating only at ∼10% of the break-up speed (Herbst
et al., 2007). Their rotation rate is also found to be almost constant through-
out their disc accretion phase spanning a few million years (Irwin and Bou-
vier, 2009). Outflows from these objects are the most efficient way to take
away the angular momentum from the star-disc system and prevent the
star from spinning up. Hence, we expect the outflow to be proportional
to the accretion rate. If that is the case, then one way to explain the dense
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knots seen in the outflows (see Figure 1.3) are episodic events of high accre-
tion. They could be the fossil evidence of accretion outbursts in the YSO’s
history (Dopita, 1978; Reipurth and Aspin, 1997; Ioannidis and Froebrich,
2012).

FIGURE 1.3: Near-infrared image of a spectacular, heavily
collimated bipolar outflow, HH212. Knots are seen along
the outflow. The central protostar driving the outflow is
hidden by the disc due to its edge on view. Image Courtesy:

Zinnecker, A. et al. 1997, Thomas Stanke, ESO

1.2.4 FUors and EXors Phenomenon

Observationally, some YSOs have been serendipitously discovered to un-
dergo a sudden increase in brightness. Traditionally, on the basis of the
light curve and spectrum, these accretion outbursts are classified as FUors
(showing decades-long outbursts with 4–5 mag change in optical bands,
and an absorption-line spectrum) and EXors (showing outbursts of a few
months to years long with 2–3 mag change in optical bands, and an emission-
line spectrum) (Herbig, 1977; Hartmann and Kenyon, 1996; Hartmann, 1998).
Figure 1.4a shows the light curves of the three classical FUors, namely FU
Ori, V1515 Cyg, and V1057 Cyg.

These sources were all spatially and kinematically associated with star
forming regions. They showed reflection nebulae, significant infrared ex-
cess, CO band head absorptions in near infrared, different spectral types
between optical and near infrared bands, etc. The widths of the emission
lines as a function of wavelength were consistent with what we would ex-
pect from a bright accretion disc with a radial temperature gradient. These
properties confirmed FUors to be YSOs with a luminous accretion disc, un-
dergoing heavy rates of accretion (Hartmann, 1998). When FUors (EXors)
undergo an outburst, its accretion rate increases by a factor of ∼ 100 (∼
10), and hence, they are ideal candidates for the episodic outbursts which
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(a) (b)

FIGURE 1.4: a) Light curves of the three classical FUors (FU
Ori, V1515 Cyg, and V1057 Cyg) showing a rapid rise to
outburst by undergoing an increase in their optical magni-
tude by ∼5 mag. b) The plot shows the episodic accretion
hypothesis during the formation of a YSO. The YSO will
spend most of its time in quiescent phase, intermediately
erupting to short duration accretion outbursts (FUors or EX-
ors) multiple times in its pre-main sequence lifetime. Image

Courtesy: (Hartmann, 2009)

could possibly solve all the open issues mentioned in previous subsections.
Figure 1.4b shows the overall picture of this episodic accretion outburst hy-
pothesis in the accretion history of a YSO. Due to the short timescales of
outbursts in comparison to the millions-of-years timescale of star forma-
tion, these events are extremely rare, and less than two dozen confirmed
FUor and EXor outbursts have been discovered so far (Audard et al., 2014).

1.3 Implications of episodic accretion

Motivation of This Thesis

As described in the previous section, the episodic accretion hypothesis can
potentially solve the open issues in protoplanetary disc accretion. It will
also have very significant implications in the star, planet, and comet for-
mation as well. By comparing the silicate emission line before and after
the outburst phase of EX Lup (a classical EX Or object), Ábrahám et al.,
(2009) showed the outburst event resulted in silicate crystallization. This
shows the importance of this phenomenon in planet and comet formation.
It is worthwhile to mention here that the formation of crystallised silicate
in comets of our solar system is another poorly understood phenomenon.
Thermal heating during the accretion events can make the protoplanetary
discs stable from gravitational instabilities5, which could negatively affect

5Condition for gravitational instability is given by the Toomre Q parameter being less
than unity. Q(R) = cΩ/πGΣ , where c is the speed of sound (proportional to square root of
the temperature), Ω is the orbital angular velocity, and Σ is the disc surface density. Hence,
at high temperatures the radius upto which the disc is gravitationally stable expands.
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the fragmentation and formation of giant gas planets (Stamatellos, Whit-
worth, and Hubber, 2011). Another crucial factor which directly affects the
planet formation is the expansion of the snow-lines during an accretion out-
burst. Planets are formed by grains getting stuck together and growing in
size when they collide. An ice mantle (H2O or CO ice) around the grains
can make them sticky. Snow-line is the radius at which the temperature
of the disc drops below the sublimation point of the corresponding ice.
Only grains beyond this radius will have a significant ice mantle around
them. Episodic accretion events in solar type stars can result in expansion
of the snow-line radius from ∼5 AU to ∼40 AU, negatively affecting the
formation of rocky planets within that radius (Cieza et al., 2016). Episodic
accretion can also significantly change the pre-main-sequence isochrones
in a Hertzsprung-Russell (HR) diagram, which is used extensively for ini-
tial mass function studies and age/mass estimation of YSOs (Hartmann,
Zhu, and Calvet, 2011; Hosokawa, Offner, and Krumholz, 2011; Baraffe,
Vorobyov, and Chabrier, 2012). From the number statistics of the discov-
ered outbursts, it is estimated that every low-mass star undergoes∼50 such
short-duration outbursts during its formation stage (Scholz, Froebrich, and
Wood, 2013). Hence, it is fundamentally necessary to understand and study
the environment into which a protoplanetary disc system gets transformed
to during accretion outbursts.

In Chapters 3 and 4 of this thesis, I present our results from the obser-
vational study of the environmental changes we discovered in two such
outburst sources. The physical mechanism which is driving these episodic
accretion events is not yet fully understood. In Chapter 5, I present the con-
straints we obtained which enabled us to rule out certain types of outburst
mechanism models. We therefore proposed an observationally consistent
mechanism for explaining the features of the light curves that we observed.
The short timescale variations in the accretion rate of FUors and EXors
make them unique laboratories to monitor the simultaneous evolution of
the outflow with respect to the accretion rate. This enabled us to constrain,
in Chapter 6, the outflow mechanism under way in these objects. And fi-
nally, the most crucial parameter for quantifying the effect of these out-
bursts on planet and star formation is their occurrence frequency. In Chap-
ter 7, I present a hierarchical Bayesian model I developed for constrain-
ing, as well as comparing the outburst frequency across different classes of
YSOs.

1.4 Monitoring of FUors and EXors (MFES) Program

Recognising the importance of the rare FUors and EXors phenomena in
probing the environment and evolution of the protoplanetary discs, we
started a long-term multi-wavelength monitoring program of all confirmed
FUors and EXors. During the initial phase we had continuous monitoring
of only two sources. We expanded this list significantly to include all ob-
servable northern hemisphere sources in 2008 (see Appendix A for the com-
plete list of sources). During the period 2008 to 2016, we have observed for
about 175 nights for this program using various optical and near-infrared
telescopes. Details of observations and the data reduction procedures are
discussed in Chapter 2.
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For this thesis work, two of the most peculiar sources from our list, V899
Mon and V1647 Ori were selected for the detailed analysis. Results pre-
sented in this thesis are from these two sources.

1.5 Instrumentation (Part II)

In the MFES program, a significant fraction of our sources were heavily
embedded, and we needed near-infrared observations to capture the pho-
tons escaping from the heavily extinct regions like the inner parts of the
accretion disc and the magnetosphere. Part II of this thesis is on the near-
infrared instrumentation work that I carried out to develop the instruments
we used for this study. Chapter 8 contains the summary of the personal
contributions to the development, repairs, upgrades, and final calibration
of the TIFR Near Infrared Spectrometer and Imager (TIRSPEC). Chapter 9
describes my contributions to TIFR Near Infrared Imaging Camera -II (TIR-
CAM2) and 100 cm TIFR Far infrared Balloon-borne Telescope. Since the
MFES program involved hundreds of nights of data from a wide variety of
optical and near-infrared instruments, a few unified pipelines for all the in-
struments used in the MFES program were also developed. These pipelines
are designed to be general enough for any kind of science observations and
are easily adaptable for many similar instruments. In Chapter 10, the de-
tails and architecture of these data reduction pipelines are outlined.

Finally, the major results of the work presented in this thesis are sum-
marised in Chapter 11.
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Part I

Episodic Accretion and
Outflows in Young Stellar

Objects
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Chapter 2

Observations & Data Reduction

Since the major goal of the MFES program is to study the inner part of the
accretion disc, where the instability mechanism that results in episodic ac-
cretion occurs, most of our long-term monitoring was done in optical and
near-infrared bands. However, we also observed our sources in longer far-
infrared and radio wavelengths for constraining their environmental char-
acteristics. For this thesis work, I have done a detailed study of two sources
which were most peculiar in our MFES program, namely V899 Mon and
V1647 Ori. In this chapter, we shall mainly describe the observations con-
ducted as well as the procedures followed for the data reduction of these
two sources.

2.1 Optical Photometry

During an FUori or EXori accretion outburst, the temperatures involved in
the inner most part of the accretion disc are around ∼ 2000 - 3000 K. In
these family of outbursts, the light curves in optical bands show maximal
increase with respect to the longer wavelength light curves. Hence, to track
any periodic as well as non-periodic variations in the flux from the central
source, the detailed evolution of accretion rate, extinction, etc., we have to
monitor the flux from these sources in the optical broad band filters.

Our long-term optical monitoring of V899 Mon started on 2009 Novem-
ber 30, and V1647 Ori on 2008 September 14. The observations were carried
out using the 2 m Himalayan Chandra Telescope (HCT) at the Indian As-
tronomical Observatory, Hanle (Ladakh), belonging to the Indian Institute
of Astrophysics (IIA), India, and the 2 m telescope at the IUCAA (Inter-
University Centre for Astronomy and Astrophysics) Girawali Observatory
(IGO), Girawali (Pune), India. For optical photometry, the central 2K × 2K
CCD section of the Hanle Faint Object Spectrograph & Camera (HFOSC)
with a pixel scale of 0.296′′ was used on the HCT, and the 2K × 2K CCD
of the IUCAA Faint Object Spectrograph & Camera (IFOSC) with a simi-
lar pixel scale of 0.3′′ was used on the IGO. This gave us a field of view
(FOV) of ∼ 10 × 10 arcmin2 on both HCT and IGO. A detailed description
of the instruments and telescopes is available at the IAO1 and IGO2 web-
sites. V899 Mon’s field ((α, δ)2000 = 06h09m19s.28,−06◦41′ 55′′ .4) was ob-
served in standardUBV RI Bessel filters. We carried out observations for 69
nights, out of which 41 nights were observed through HCT and the remain-
ing ones from IGO. The photometric observation log of V899 Mon is given
in Table 2.1. V1647 Ori’s field ((α, δ)2000 = 05h46m13s.135,−00◦06

′
04
′′
.82)

1http://www.iiap.res.in/iao/hfosc.html
2http://www.iucaa.ernet.in/~itp/igoweb/igo_tele_and_inst.htm

http://www.iiap.res.in/iao/hfosc.html
http://www.iucaa.ernet.in/~itp/igoweb/igo_tele_and_inst.htm
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was also observed with the same filters, and out of our total observation of
110 nights published in our 2013 paper (Ninan et al., 2013b), 84 nights were
observed through HCT and 26 nights from IGO. The photometric observa-
tion log of V1647 Ori is given in Table 2.2.

TABLE 2.1: Observation log of V899 Mon

Date JD FWHMa Filter(s)/Grism(s) Instrument(s)

2009 Nov 30 2455166 1′′.9 V,R,gr8 HFOSC
2009 Dec 04 2455170 3′′.1 V,R,I HFOSC
2009 Dec 16 2455182 1′′.8 V,R,I HFOSC
2009 Dec 17 2455183 gr7,gr8 HFOSC

a Measured average FWHM. This is a measure of the seeing.

Note: This table is published in its entirety in the electronic edition of
Ninan et al., (2015). A portion is shown here for guidance regarding its

form and content.

TABLE 2.2: Observation log of V1647 Ori

Date (UT) JD FWHM† Filter(s)/grism(s) Exposure time (in secs)

2008 Sep 14 2454724 1′′.9 V,R, I, gr8 300, 480, 240, 2400
2008 Sep 15 2454724 1′′.6 gr8 2400
2008 Sep 16 2454726 1′′.5 V,R, I 600, 720, 240
2008 Sep 28 2454738 1′′.1 V,R, I 240, 240, 180
2008 Oct 01 2454741 1′′.2 V,R, I 120, 120, 90
2008 Oct 02 2454742 1′′.2 V,R, I, gr7 240, 240, 180, 2400
2008 Oct 03 2454743 1′′.5 gr8 2400

† Measured average FWHM. This is a measure of the seeing.
†† Observed from IGO, all other nights are from HCT.

Note: This table is published in its entirety in the electronic edition of
Ninan et al., (2013b). A portion is shown here for guidance regarding its

form and content.

The standard photometric data reduction steps like bias subtraction,
median flat-fielding, and finally aperture photometry of V899 Mon and
V1647 Ori were done using our publicly released pipeline3 for these in-
struments (see Chapter 10). Blank sky images in I band were used to create
fringe templates by the MKFRINGECOR task in IRAF4, which were later
used to subtract the fringes that appeared in I band images taken from IGO.

Since V899 Mon source is quite bright and is not affected by any bright
nebulosity, we used a 4 × full width half maximum (FWHM) aperture for
optical photometry. The background sky was estimated from a ring outside
the aperture radius with a width of 4.5′′ .

3https://indiajoe.github.io/OpticalPhotoSpecPipeline/
4IRAF is distributed by the National Optical Astronomy Observatories, which are oper-

ated by the Association of Universities for Research in Astronomy, Inc., under contract with
the National Science Foundation.

https://indiajoe.github.io/OpticalPhotoSpecPipeline/


2.2. NIR Photometry 13

Point-spread function (PSF) photometry (using PSF and ALLSTAR tasks
in the DAOPHOT package of IRAF) on V1647 Ori was not able to fully re-
move the nebular contamination. We found a strong correlation between
fluctuation in magnitude of V1647 Ori and fluctuation in atmospheric see-
ing condition. This is because the contamination of flux from the nebula
into V1647 Ori’s aperture was a function of atmospheric seeing. So we
generated a set of images by convolving each frame with two-dimensional
Gaussian kernels of different standard deviation (using the IMFILTER.GAUSS
task in IRAF) for simulating different atmospheric seeing conditions. We
then recalculated the magnitudes by DAOPHOT, PSF, and ALLSTAR algo-
rithms of IRAF for various atmospheric seeing conditions. The differen-
tial magnitudes obtained from each frame’s set were interpolated to obtain
magnitude at an atmospheric seeing of 1.18′′ , which was taken to be the
interpolated seeing for all the nights, and was chosen to minimise the in-
terpolation error. This method reduced our error bars in magnitude by a
factor of two. Apart from the Gaussian convolution step, the PSF photom-
etry steps were all the same as in Ojha et al., (2006).

Magnitudes of the whole McNeil’s nebula and other objects in it like re-
gion C (near HH 22A) and region B defined by Briceño et al., (2004) in their
Figure 2 (also see Figure 2.2) were measured by simple aperture photome-
try with an aperture radius of 80′′ for nebula and 12′′ for the regions C and
B. For obtaining the flux, the aperture of objects like regions C and B was
centered at the objects themselves.

Finally, the magnitude calibration was done by solving color transfor-
mation equations for each night using nearby Landolt’s standard star fields
(Landolt, 1992), and also using five and six secondary standard field stars
in V899 Mon and V1647 Ori fields, respectively (see Figure 2.1 and 2.2).
We identified these secondary standard stars based on the stability in their
magnitude over the period of our observations.

2.2 NIR Photometry

Near-infrared (NIR) fluxes are also dominated by the energy released from
heavy accretion. Unlike in optical bands, NIR bands are less affected by
the extinction, and they can probe the extinct central source better than the
optical bands. Due to the heavy extinction towards some of the sources
in our MFES program, their central source was visible only in our NIR
observations.

NIR photometric monitoring of our sources in J, H, and K / KS bands
was carried out using the HCT NIR camera (NIRCAM), the TIFR Near In-
frared Spectrometer and Imager (TIRSPEC) mounted on HCT, and the TIFR
Near Infrared Imaging Camera-II (TIRCAM2) mounted on the IGO tele-
scope as well as the 1.2 m Physical Research Laboratory (PRL) Mount Abu
telescope. NIRCAM has a 512× 512 mercury cadmium telluride (HgCdTe)
array, with a pixel size of 18 µm, which gives an FOV of∼ 3.6× 3.6 arcmin2

on HCT. Filters used for observations were J (λcenter= 1.28 µm, ∆λ= 0.28
µm), H (λcenter= 1.66 µm, ∆λ= 0.33 µm), and K (λcenter= 2.22 µm, ∆λ=
0.38 µm). Further details of the instrument are available at http://www.

http://www.iiap.res.in/iao/nir.html
http://www.iiap.res.in/iao/nir.html
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FIGURE 2.1: RGB color composite optical image of V899
Mon taken with HFOSC from HCT (V : blue; R: green;
I : red) on 2011 January 2. V899 Mon was in its short-
duration quiescent phase at this epoch. The FOV is ∼ 10
× 10 arcmin2. North is up and east is to the left-hand side.
Stars marked as A, B, C, D, and E are the secondary stan-
dard stars used for magnitude calibration. The location of
V899 Mon is marked with two perpendicular lines at the

middle.

http://www.iiap.res.in/iao/nir.html
http://www.iiap.res.in/iao/nir.html
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FIGURE 2.2: Color composite image of McNeil’s nebula
(V1647 Ori) region taken from IGO (V: blue; R: green; I: red)
on 2010 February 13. FOV is ∼ 10 × 10 arcmin2. North is
up and east is to the left-hand side. Stars marked as A, B,
C, and D are the secondary standard stars used for mag-
nitude calibration. The location of V1647 Ori is marked at
the center by two perpendicular lines. Region C, overlap-
ping Herbig–Haro object HH 22A, is marked together. A
knot in the southwestern section (region B) of the nebula is
also marked. At 400 pc distance, the scale 1′ corresponds to

24,000 AU.

http://www.iiap.res.in/iao/nir.html
http://www.iiap.res.in/iao/nir.html
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iiap.res.in/iao/nir.html. TIRSPEC has a 1024×1024 Hawaii-1 PACE5

(HgCdTe) array, with a pixel size of 18 µm, which gives an FOV of ∼ 5 × 5
arcmin2 on HCT. Filters used for observations were J (λcenter= 1.25 µm,
∆λ= 0.16 µm), H (λcenter= 1.635 µm, ∆λ= 0.29 µm), and KS (λcenter= 2.145
µm, ∆λ= 0.31 µm) (Mauna Kea Observatories near-infrared filter system).
Further details on TIRSPEC are available in Chapter 8 and Ninan et al.,
(2014) and Ojha et al., (2012). TIRCAM2 has a 512×512 indium antimonide
(InSb) array with a pixel size of 27 µm. Filters used for observations were J
(λcenter= 1.20 µm, ∆λ= 0.36 µm), H (λcenter= 1.66 µm, ∆λ= 0.30 µm), and K
(λcenter= 2.19 µm, ∆λ= 0.40 µm). More details on TIRCAM2 are available in
Chapter 9 and Naik et al., (2012). The log of NIR observations of V899 Mon
and V1647 Ori is listed in Table 2.1 and Table 2.2, respectively. For V899
Mon, we have photometric observations for a total of 25 nights in the NIR
bands. Our first JHK observation was carried out during the peak of V899
Mon’s first outburst on 2010 February 20, and the remaining observations
were carried out during its current ongoing second outburst. For V1647
Ori, in the paper published in 2013 (Ninan et al., 2013b), we have a total of
14 nights of NIR photometric observations, with the first set of data taken
during the quiescent phase in 2007, i.e. before its 2008 outburst.

NIR observations were carried out by the standard telescope dithering
procedure. Five dither positions were observed. All the dithered object
frames were median combined to generate master sky frames for NIRCAM
and TIRCAM2. We combined twilight flats and all non-extended source
frames observed during the same night to create accurate flats for each
night. For NIRCAM and TIRCAM2, data reduction and final photome-
try were performed using the standard tasks in IRAF, while the TIRSPEC
data were reduced using our TIRSPEC photometry pipeline (Ninan et al.,
2014) (see Chapter 10). For aperture photometry we used an aperture of
3×FWHM and the background sky was estimated from an annular ring
outside the aperture radius with a width of 4.5′′. Magnitude calibration
was done by solving color transformation equations for each night using
Hunt’s standard star fields AS 13 and AS 9 (Hunt et al., 1998), and the five
field stars in case of V899 Mon (labeled in Figure 2.3) that we identified
to have a stable magnitude and that are consistent with 2MASS6 over the
period of our observations. For V1647 Ori, on 2011 December 6, standard
stars were not observed; hence, we used the magnitude of the nearby star
(2MASS J05461162-0006279) measured on other nights for photometric cal-
ibration.

2.3 Medium-resolution Optical Spectroscopy

For detailed measurements of the kinematics of outflows as well as the en-
vironmental characteristics like temperature, density, etc. we need to study
the time evolution in spectral lines.

Our medium-resolution (R ∼ 1000) optical spectroscopic monitoring of
V899 Mon started on 2009 November 30, and V1647 Ori on 2008 September
14. The spectroscopic observations were carried out using both HCT and

5HgCdTe Astronomy Wide Area Infrared Imager -1, Producible Alternative to CdTe for
Epitaxy

6Two Micron All Sky Survey

http://www.iiap.res.in/iao/nir.html
http://www.iiap.res.in/iao/nir.html
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FIGURE 2.3: RGB color composite NIR image of V899 Mon
taken with TIRSPEC from HCT (J : blue; H : green; KS : red)
on 2013 November 14. V899 Mon was in its second outburst
phase at this epoch. The FOV is ∼ 5 × 5 arcmin2. North
is up and east is to the left-hand side. Stars marked as A,
B, C, D, and E are the secondary standard stars used for
magnitude calibration. The location of V899 Mon is marked

with two perpendicular lines at the middle.
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IGO. The full 2K × 4K section of the HFOSC CCD spectrograph was used
for HCT observations, and the 2K× 2K IFOSC CCD spectrograph was used
for IGO observations. These observations were done in the effective wave-
length range of 3700 − 9000 Å, using grism 7 (center wavelength 5300 Å)
and grism 8 (center wavelength 7200 Å). The spectral resolution obtained
for grism 7 and grism 8 with the 150 µm slit at IGO and the 167 µm slit at
HCT was ∼ 7 Å. The log of spectroscopic observations of V899 Mon and
V1647 Ori is listed in Table 2.1 and Table 2.2, respectively. For V899 Mon,
we have 8 spectra from its first outburst phase, 4 from its short quiescent
phase, and 30 from its ongoing second outburst phase. For V1647 Ori, in
our 2013 paper Ninan et al., (2013b), we carried out spectroscopic observa-
tions for 35 nights through HCT and 24 nights from IGO, thus totaling 59
nights of spectroscopic observations of V1647 Ori’s ongoing outburst.

Nebulosity contamination in the spectrum of V1647 Ori was minimised
by keeping the slit in the east-west orientation. For wavelength calibra-
tion, we have used FeNe, FeAr, and HeCu lamps. Standard IRAF tasks like
APALL and APSUM were used for spectral reduction using our publicly
released PYRAF7-based pipeline developed for both HFOSC and IFOSC
instruments (see Chapter 10).

2.4 High-resolution Optical Spectroscopy

We acquired multi-epoch high-resolution (R ∼ 37,000) spectra of V899 Mon
during its second outburst phase on 2014 December 22, 2015 December 15,
19, and 2016 February 20, using the Southern African Large Telescope High
Resolution Spectrograph (SALT-HRS) (Bramall et al., 2010). Both the red
arm (5490−8810 Å) and the blue arm (3674−5490 Å) of the HRS instrument
were used. For this medium-resolution instrument mode of HRS, it uses a
2.23′′ fiber to collect light from the target source, and another fiber of the
same diameter is used to sample a nearby patch of the sky. Apart from the
target frames, ThAr arc lamp spectrum was also taken through the sky fiber
for wavelength calibration. For tracing the aperture of target and sky fiber,
we used bright quartz continuum flat taken through target fiber and sky
fiber on nearby nights.

Since our total exposure was taken in a single readout, we had to care-
fully remove many cosmic rays hits in each frame. We used Laplacian Cos-
mic Ray Identification by Dokkum, (2001) to clean cosmic rays hits in the data
frames. A reduction tool for SALT-HRS data was written and used to obtain
wavelength calibrated, normalised spectrum (see section 10.3 in Chapter 10
for the reduction procedure I implemented in this tool).

The additive factor to translate observed velocities in the spectrum to
heliocentric velocities was found to be 0.92 km s−1, 4.22 km s−1, 2.39 km
s−1, and -22.31 km s−1 for our four nights of observation using the rvcorrect
task in IRAF.

7PYRAF is a product of the Space Telescope Science Institute, which is operated by
AURA for NASA
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2.5 NIR Spectroscopy

NIR (1.02 – 2.35 µm) spectroscopic monitoring of V899 Mon started on 2013
September 25 using TIRSPEC mounted on HCT. Depending on the seeing
conditions, slits with 1.48′′ or 1.97′′ widths were used. Spectra were taken
in at least two dithered positions inside the slit. Spectra of an argon lamp
for wavelength calibration and a tungsten lamp for the continuum flat were
also taken immediately after each observation without moving any of the
filter wheels. For telluric line correction, bright NIR spectroscopic standard
stars within a few degrees and similar airmasses were observed immedi-
ately after observing the source. The typical spectral resolution obtained in
our spectra is R ∼ 1200. The log of spectroscopic observations of V899 Mon
is listed in Table 2.1. It may be noted that all the 12 NIR spectral observa-
tions are taken during the current ongoing second outburst phase of V899
Mon.

NIR spectral data were reduced using the TIRSPEC pipeline (Ninan et
al., 2014) (see Chapter 10). After wavelength calibration, the spectrum of
V899 Mon was divided by a standard star spectrum to remove telluric lines
and detector fringes seen in H and K orders’ spectra. This continuum-
corrected spectrum was scaled using the flux estimated from photometry
to obtain the flux-calibrated spectrum. Since we do not have Y band pho-
tometry, we interpolated I band and J band λfλ flux to Y band and used
the interpolated flux to scale the Y band spectrum flux.

2.6 GMRT Radio Continuum Imaging

The detection of any free-free emission in radio band will provide estimates
on the extent of the H II region due to accretion or outflow shocks, as well
as the Lyman continuum flux. Continuum interferometric observation of
V899 Mon at 1280 MHz with 33.3 MHz bandwidth was carried out on 2014
October 17 using the Giant Metrewave Radio Telescope (GMRT), Pune, In-
dia. GMRT consists of 30 dish antennae (each 45 m in diameter) in hybrid
“Y” configuration (Swarup et al., 1991). Out of these, 25 antennae were
online during our observation. The standard flux calibrator 3C 147 was ob-
served for 15 minutes at the beginning and end of the observations. For
phase calibration, the nearby Very Large Array calibrator 0607-085 was ob-
served for 10 minutes after every 20 minutes of integration on V899 Mon.
The total integration on the V899 Mon source was 4.5 hr.

CASAPY software was used for the data reduction. After careful iter-
ative bad data flagging and gain calibration, we imaged the large FOV of
28’×28’ field by dividing the field into 128 w-projection planes using the
CLEAN algorithm.

2.7 Herschel Far-infrared Photometry

The far-infrared flux in YSOs is dominated by extended outer disc and left
over envelopes. Hence, they do not vary over short timescales like optical
or NIR. But, far-infrared fluxes are very important for estimating the prop-
erties of the envelope, age, existence of outflow cavity, etc.
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We obtained imaging observations of the V899 Mon region in SPIRE8

250, 350, and 500 µm and PACS9 70 and 160 µm from the Herschel data
archive.10 SPIRE data were available for two epochs, one on 2010 Septem-
ber 4 (Proposal ID: KPGT_fmotte_1) and another on 2013 March 16 (Pro-
posal ID: OT1_rgutermu_1). PACS data of V899 Mon were only avail-
able in the later epoch. Data from both the epochs were reduced using
the standard Herschel’s HIPE pipeline with the latest calibration file. For
point-source aperture photometry of V899 Mon, we first tried the sourceEx-
tractorSussextractor routine in HIPE on level 2 SPIRE data and the multiple-
PointSourceAperturePhotometry routine on PACS data. We also tried point-
spread function (PSF) photometry using the daophot tool in IRAF. Since all
these algorithms use an annular ring for background estimation and the
background is highly non-uniform, the results were found to be very sen-
sitive to aperture and background estimates. We finally estimated fluxes
using getsources (Men’shchikov et al., 2012), which uses a linearly interpo-
lated background estimate. These estimates were found to be consistent
with the differential flux between two epochs (differential flux could be es-
timated more accurately since the subtracted image has a uniform back-
ground). The HIPE pipeline assumes a spectral energy distribution (SED)
color, α = −1 (where Fν = να). The actual color α of V899 Mon was
obtained from our flux estimates, and the corresponding color correction
factor was applied to the flux values for obtaining color-corrected flux esti-
mates.

2.8 WISE Photometry

We obtained imaging observations of the V899 Mon region in W1 (3.4 µm),
W2 (4.6 µm), W3 (12 µm), and W4 (22 µm) bands from the Wide-field In-
frared Survey Explorer (WISE) data archive (Wright et al., 2010). Photometric
magnitude estimates were also available in the WISE all-sky catalog. W1
and W2 bands were observed at two epochs on 2010 March 17 and 2010
September 24, whereas W3 and W4 were observed only on 2010 March 17.
Since W1 and W2 intensity maps looked severely saturated, we have used
only W3 and W4 WISE catalog magnitudes for our study of V899 Mon.

For the study of our sources in the MFES program, we have also com-
piled other publicly available archival data of our source region at different
epochs. Data were obtained from the following surveys and instruments:

8Spectral and Photometric Imaging Receiver
9Photoconductor Array Camera and Spectrometer

10Herschel is an ESA space observatory with science instruments provided by European-
led Principal Investigator consortia and with important participation from NASA.
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CRTS DR211, POSS survey12, USNO-B catalog13, IRAS survey14, DENIS sur-
vey15, 2MASS survey16, AKARI17, IRAC18 and MIPS19.

11Catalina Real-Time Transient Survey Data Release 2
12Palomar Observatory Sky Survey
13U.S. Naval Observatory B1.0 Catalog
14Infrared Astronomical Satellite, Survey
15Deep Near Infrared Survey of the Southern Sky
16Two Micron All-Sky Survey
17Akari All-Sky Survey Point Source Catalog
18Infrared Array Camera on Spitzer
19Multi-Band Imaging Photometer on Spitzer
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Chapter 3

V899 Mon

A possible FUor-type eruption of V899 Mon (aka IRAS 06068-0641) located
near the Monoceros R2 region (d∼905 pc; Lombardi, Alves, and Lada, (2011))
was first discovered by the Catalina Real-time Transient Survey (CRTS)
and reported by Wils et al., (2009). They announced the source as a FUor
candidate based on the constant brightening it has been undergoing since
2005. The spectrum published by Wils et al., (2009) showed strong Hα and
Ca II IR triplet lines, which identify the outbursting source as a YSO. In this
chapter we present the results from our long-term monitoring of this very
peculiar outburst source, during which we found the source undergoing
transition from its first outburst phase to the quiescent phase, and finally
returning to a second outburst phase within just a year of quiescent period.
The results presented in this chapter are published in Ninan et al., (2015).

3.1 Photometric Results: Light Curves and Color Vari-
ations

An extended fan-shaped optical reflection nebula is typically seen around
FUors. In the case of V899 Mon we detected only a small, faint, fan-shaped
reflection nebula towards the north (see Figure 2.1). U, B, V, R, I, J, H, and
KS magnitudes of V899 Mon from our long-term continuous monitoring
are listed in Table 3.1. Typical magnitude errors are less than 0.03 mag.

TABLE 3.1: Magnitudes of V899 Mon

JD U B V R I J H KS

2455166 14.57 13.40
2455170 14.22 13.10 12.08
2455182 13.61 12.65 11.57
2455186 13.51 12.37 11.37

Note: Errors on U, B, V, R and I magnitudes are < 0.02 mag, TIRSPEC J, H
and KS magnitudes have errors < 0.02 mag, and TIRCAM2 and NIRCAM

J, H, K magnitudes have errors < 0.06 mag.

Note: This table is published in its entirety in the electronic edition of
Ninan et al., (2015). A portion is shown here for guidance regarding its

form and content.
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FIGURE 3.1: Light curve of V899 Mon showing its first
outburst, short quiescent phase, and current ongoing sec-
ond outburst phase. Red circles are R band magnitudes
from our observations, and blue circles are CRTS magni-
tudes converted to R magnitudes. POSS-1 and POSS-2
epochs’ R magnitudes are also shown for comparison as

black squares.

The R band magnitude light curve is shown in Figure 3.1. Effective R
band magnitudes1 from the CRTS survey are superimposed in the same
graph for displaying the complete picture of the initial rise of the first out-
burst. Images of the V899 Mon field observed on 1953 December 29, 1983
December 29, 1989 January 9, and 2000 February 8 are available from digi-
tized POSS-1 and POSS-2 archives. Magnitudes at the two epochs (1953 and
1989) that used the R band filter are also shown in Figure 3.1. It should be
noted that even though these magnitudes available in the USNO-B1.0 cat-
alog are corrected for the non-standard bandpass filter used in the POSS-I
survey, their variation seen between 1953 and 1989 might still be due to
systematics in calibration.

Few other outburst sources like V1647 Ori, V582 Aur, and V2492 Cyg
have also shown such a sudden brief transition to quiescent phase after
reaching the peak of the first outburst (Ninan et al., 2013b; Semkov et al.,
2013; Kóspál et al., 2013) (also see Chapter 4). The light curves of V582
Aur and V2492 Cyg were very unstable, but the light curve of V1647 Ori
was very similar to V899 Mon in terms of the stability during the phase
transitions.

One possible scenario that could explain the sudden dimming of the
source in 2011 is occultation by a dust clump. By taking the dust size pa-
rameter RV and change in extinction AV as free parameters, we tried to fit
the observed change in magnitudes of V, R, I, J, H, and KS bands2 between
the first outburst and quiescent phases (i.e., 2.86, 2.90, 3.06, 2.96, 2.75, and

1CRTS DR2 VCSS magnitudes of V899 Mon, were converted to effective R magnitude
using color correction equation V = VCSS + 0.91 ∗ (V − R)2 + 0.04 and V − R = 1.11.
http://nesssi.cacr.caltech.edu/DataRelease/FAQ2.html#improve

2Even though we do not have NIR photometric measurements during the quiescent
phase in 2011, our quiescent phase I band magnitude matches with the DENIS I magni-
tude observed on 1999 January 25, and DENIS J and K magnitudes of this epoch match with
2MASS J and KS magnitudes observed in 1998. Hence, in this study we have taken 2MASS
magnitudes as the quiescent phase J, H, and KS magnitudes of the V899 Mon source.

http://nesssi.cacr.caltech.edu/DataRelease/FAQ2.html#improve
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2.36 ∆ mag, respectively, in each band). Coefficients in Table 2 of Cardelli,
Clayton, and Mathis, (1989) were used for calculation, and no positive value
of RV could fit the observed changes in magnitudes. Hence, we can safely
conclude that the quiescent phase in 2011 was due to an actual break in
the outburst, and it is not due to dust occultation. Even though we have
not considered scattered excess blue light (like in UX Ori systems) in the
above analysis, an almost similar magnitude drop (∼ 2.8) in optical and
NIR magnitudes to the pre-outburst phase makes it unlikely to be a case
of dust obscuration. A stronger argument against the dust obscuration sce-
nario comes from the observed variation in spectral line fluxes during this
transition (see section 3.4). The relative flux changes observed in various
spectral lines cannot be explained by a simple change in extinction.

Figure 3.2 shows the NIR J −H/H −K color-color (CC) diagram. The
position of V899 Mon in it shows no significant extinction to the source, and
it falls on the classical T Tauri (CTT) locus. The positions in the CC diagram
during first and second outbursts are also different from each other. But
since we have only one NIR observation from the rapidly varying ending
phase of the first outburst, it might not be a good representation of the NIR
color of the first outburst.

The green squares measured during the 2013 - 2015 period of the sec-
ond outburst show small movements along the reddening vector. Such
short-period, small-amplitude fluctuations during the outburst phase are
also seen in other FUor/EXor objects (Audard et al., 2014; Semkov et al.,
2013; Ninan et al., 2013b). Unlike the quiescence in 2011, these short varia-
tions in the second outburst could be due to small dust clump occultations
or minor fluctuations in the accretion. The NIR J/J −K color-magnitude
diagram (CMD) (see Figure 3.3) also indicates the general trend of V899
Mon getting redder (bluer) when it dims (brightens).

3.1.1 Outburst - quiescent transition phase

In contrast to existing FUor/EXor observations in the literature, we could
carry out several observations of V899 Mon during its transition from out-
burst phase to quiescent phase and back. Figure 3.4 shows the V band mag-
nitude light curve of the source, color-coded with V − R color in the outer
ring, and V − I color at the center. These colors indicate that the object was
reddest during the transition stages rather than during the outburst or qui-
escent phases. It could imply that the temperature of the extra flux compo-
nent of the outburst was cooler at the beginning and it became hotter as the
outburst reached its peak. Since the transition phase flux was cooler than
the quiescent phase, outburst flux could not have initially originated on the
surface of the hot central star; rather, it might have originated in the disk.
This is the first direct observational evidence to support triggering of out-
bursts in the disk of FUors/EXors. The color change seen in this plot could
be a combined effect of both change in extinction and change in tempera-
ture. Figure 3.5 shows the V, R, and I band light curves color-coded with an
extinction invariant quantity. The y-intercept along the reddening vector in
any CC diagrams, for example,CV RI = (V −R)−(R−I)∗E(V −R)/E(R−I)
(McGehee et al., 2004), is a weighted difference of two colors, which is in-
variant to change in extinction AV . While it is not possible to completely
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FIGURE 3.4: V band light curve of V899 Mon showing evo-
lution of its V − R and V − I colors. The color of the outer
ring shows V − R, and the color at the center shows V − I .
We see that both the colors were reddest during the transi-

tion from the quiescent phase to the outburst phase.

separate out the degenerate SED slope change due to temperature and ex-
tinction change, any change in this extinction invariant color implies real
change in the intrinsic SED slope (temperature). V899 Mon shows signifi-
cant change in CV RI between the end of the first outburst phase, quiescent
phase, transition stage, and ongoing second outburst phase. Significant
variation is also seen during the peak of the first outburst, implying that
the temperatures of the source during those epochs were different than the
ongoing second outburst. However, since CV RI is a weighted difference
between two colors and could not tell unambiguously whether the intrinsic
slope of the SED became red or blue, Figure 3.5 only indicates change in the
intrinsic slope of the SED (temperature). It does not clarify whether redden-
ing of flux during the transition stage was due to temperature change alone
or was due to the combined effect of a short-term increase in extinction and
change in temperature.

3.2 Stellar Properties

V899 Mon was observed in WISE 12 and 22 µm bands on 2010 March 17,
within a month after our NIR observations in J , H , andK bands from HCT
on 2010 February 20 (first outburst peak). We utilized them to estimate the
conventional infrared logarithmic slope of the spectrum α (where λFλ =
λα) used for age classification of YSOs. During the peak outburst phase
(2010 March), we obtained a slope α = −0.27 between 2.16 and 11.56 µm
and α = −0.51 between 11.56 and 22 µm. These values classify V899 Mon
as a flat-spectrum or an early Class II YSO (Greene et al., 1994) during its
peak outburst phase.

U − B, B − V , V − R, and R − I colors of Siess, Dufour, and Forestini,
(2000) isochrones can be used to constrain photometrically the mass, age,
and extinction of the source. This is done by finding a region in the mass,
age, and extinction parameter space in which colors predicted by the Siess,
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FIGURE 3.5: V , R, and I light curves of V899 Mon (circles,
squares, and triangles, respectively), color-coded with the

extinction-invariant color CV RI .

Dufour, and Forestini, (2000) model are consistent with all the observed op-
tical colors of V899 Mon. For this analysis, we sampled Siess, Dufour, and
Forestini, (2000) isochrones in its valid age range 0.01–100 Myr and mass
range 0.1–7 M� in log space. Nonuniform rectangular mass versus age
grids were generated for each of the U−B,B−V , V −R, andR−I colors by
interpolating (using 2D Bi-spline) colors predicted by the Siess, Dufour, and
Forestini, (2000) isochrones. U−B andB−V colors of V899 Mon during the
second outburst and V −R and R− I quiescent phase colors were used for
fixing the position of V899 Mon in this four-dimensional color space. The
errors of the color estimates were taken to be 0.1 mag, which correspond
to a symmetric 4D Gaussian in color space. The radial basis function (RBF)
was used to calculate the distance to the source for each point in the mass–
age grid. A contour was plotted for regions within 1σ distance from V899
Mon’s position. These contours were repeatedly estimated for various val-
ues of AV ranging from 0.5 to 8 mag (see Figure 3.6). As seen in the figure,
AV < 2.2 mag and AV > 4.0 mag will make all Siess, Dufour, and Fores-
tini, (2000) isochrone colors incompatible with V899 Mon and hence can be
ruled out. Owing to the correlation between age and mass, we obtain tight
constraints only for AV from this analysis. Even though the analysis was
done for all possible age ranges, since V899 Mon is a heavy disk accreting
source, we expect its position inside contours to be only around the region
where the age is ∼ 1 - 5 Myr.

Another independent way of estimating interstellar extinction is from
photometry of field stars. The region around Monoceros R2 was studied in
detail using 2MASS data by Lombardi, Alves, and Lada, (2011) (Figure 4 in
their paper), and the extinction to the V899 Mon location is AV = 2.6 mag.
This value is consistent with our previous color space analysis.

Figure 3.7 shows the position of V899 Mon in the V /V − I optical CMD
during various epochs. Siess, Dufour, and Forestini, (2000) isochrones after
correcting for extinction of AV =2.6 mag are also overplotted. Since the ma-
jor component of the outburst phase flux is nonstellar in origin, the closest
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representation of the true position of V899 Mon might be its position dur-
ing the quiescent phase. However, even the quiescent phase photometry
suffers from scattered light. The scatter in the points on the CMD forbids
the accurate estimation of age, but we get a rough estimate of the mass of
the V899 Mon as 2 M�. However, it should be noted that this estimate is
sensitive to the estimated interstellar extinction value of AV = 2.6 mag.

3.3 Spectral Energy Distribution

Available flux estimates of the V899 Mon over a wide wavelength range
from optical to submillimeter were measured at random epochs. Since
we had to use multi-wavelength data of nearby epochs for the construc-
tion of the SED, we chose the epoch near the peak of the first outburst
(2010 February–March), during which maximum observations were avail-
able. For fitting YSO SED models, we used the online SED Fitter tool by
Robitaille et al., (2007). Flux estimates from both IRAS and PACS show
that the flux of V899 Mon starts rising in the 90 – 200 µm range after a grad-
ual drop of SED in the mid-infrared region (see Figure 3.8). No SED models
in Robitaille et al., (2007) could fit this double-peaked SED. Possible sce-
narios of such an SED are discussed in Section 3.3.1. To avoid the second
far-infrared peak while fitting the SED of V899 Mon, we used all the flux
estimates above 90 µm as upper limits. For constraining the SED better we
also used 70 µm flux measured during the second outburst in 2013, but to
account for the change in 70 µm flux between two outbursts, we used a 1
Jy error bar (which is consistent with the flux change we have seen in 250
µm SPIRE data from two epochs). Figure 3.8 (a) shows the SED fit obtained
using V, R, I, J, H, KS , W1, W2, W3, and W4 fluxes from 2010 observations
and PACS 70 µm flux from 2013 observations.
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(a) First outburst (b) Quiescent phase

FIGURE 3.8: SED fit of V899 Mon (a) during its peak of the
first outburst using V, R, I, J, H, KS , W1, W2, W3, and W4
fluxes from 2010 and PACS 70 µm flux from 2013, (b) dur-
ing its quiescent phase using V, R, I, 2MASS J, H, KS , and
IRAS 12 µm fluxes. MIPS1, PACS, and SPIRE fluxes were
used only as upper limits. The filled circles represent the
data points used for the fit, and filled triangles are upper
limits. The solid black line is the best-fitted model, and the
gray lines show subsequent good fits. The dashed gray line
shows the stellar photosphere of V899 Mon in the best-fitted
model (in the absence of circumstellar dust, but including

interstellar extinction).
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FIGURE 3.9: SED fit of V899 Mon during its second outburst
phase using only Herschel PACS 70 and 160 µm, and SPIRE
250, 350, and 500 µm fluxes. The filled circles represent the
data points used for the fit. The solid black line is the best-
fitted model, and the gray lines show subsequent good fits.
The dashed gray line shows the stellar photosphere of V899
Mon in the best-fitted model (in the absence of circumstellar

dust, but including interstellar extinction).

For fitting the SED of V899 Mon’s quiescent phase, we used flux esti-
mates from different quiescent phase epochs. Figure 3.8 (b) shows the SED
fit using V, R, I, 2MASS J, H, KS , and IRAS 12 µm fluxes. MIPS1 (24 µm),
PACS (70, 160 µm), and SPIRE (250, 350, 500 µm) fluxes were used only as
upper limits.

Treating far-infrared PACS and SPIRE fluxes of 2013 to be a separate
independent clump, we also fitted the SED by taking these fluxes alone
(see Figure 3.9 and section 3.3.2).

Stellar, disk, and envelope parameters obtained from all the three SED
fittings are tabulated together in Table 3.2.

TABLE 3.2: SED fit results of V899 Mon

Parameter Quiescence 1st outburst Far-IR alone

AV (mag) 4.5 ±1.1 4.2 ±0.34
distance (pc) 870 ±80 794 ±30 891 ±55
Age∗ (Myr) 4.84 ±2.1 1.93 ±1.8 0.0073 ±.002
Mass∗ (M�) 3.7 ±0.3 5.1 ±0.5 0.57 ±0.04
Ṁenvelope (M�) 0 ±5.7e-09 0 ±7.9e-08 24.7e-05 ±2.4e-05
MassDisk (M�) 1.2e-05 ±0.0179 1.4e-03 ±2.07e-03 0.048 ±0.008
Ṁdisk (M�/yr) 1.54e-10 ±4.9e-07 4.82e-09 ±7.6e-08 5.48e-07 ±2.7e-07
Ltotal (L�) 162 ±79 419 ±168 8.55 ±1.54
Massenv (M�) 8.13e-08 ±0.027 1.52e-05 ±0.07 23.43 ±2.0

Note: Median and standard deviation of the best fitted 20 models in each
case.
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FIGURE 3.10: SPIRE 500 µm image of the V899 Mon
field taken on 2013 March 16. The location of V899 Mon
is marked with an ellipse to show the major and minor
FWHM sizes determined for V899 Mon by the source ex-
traction algorithm getsources (Men’shchikov et al., 2012).
The brighter source IRAS 06068-0643, southwest of V899
Mon, is also a more embedded outburst source. The bright
blob in the northwest corner of the image is the ionizing

source in Monoceros R2.

3.3.1 70 µm dip in SED

The SED of V899 Mon shows a dip around 70 - 90 µm in both IRAS and
PACS data taken at two different epochs. This shape of the SED is very
unusual and not seen in any other FUors/EXors. Objects with extended
circumstellar envelopes typically show a smooth flat SED. We also do not
see heavy extinction in optical bands as expected from a source surrounded
by a large extended envelope. One possible scenario is that this object, in-
stead of having a steady-state infall density distribution of the envelope,
has a huge spherical cavity around it to a certain radius in the envelope.
Significant optical light that we detect can be explained if our line of sight
is along the opening created by the outflow.

Another possible geometric scenario is an envelope/clump with most
of its mass behind V899 Mon. In the SPIRE 500 µm image (see Figure 3.10),
we see that the bright blob marked with an ellipse at the position of V899
Mon is at the edge of a cloud, possibly being pushed back by the ionizing
source of Monoceros R2.

3.3.2 Far-infrared component properties

Considering the far-infrared component part of the SED as a separate clump,
we analyzed PACS-SPIRE data alone to obtain the characteristics of the
clump. Lbol of the clump obtained by fitting the Robitaille et al., (2007)
SED model for the far-infrared flux (> 70 µm) is ∼ 8.6 L� (Table 3.2).

We have SPIRE 250, 350, and 500 µm observations at two epochs: during
the peak of the first outburst on 2010 September 4, and later during the
second outburst in 2013 March 6. PACS 70 and 160 µm observations were
available only during the second epoch. Photometric flux values estimated
for V899 Mon from PACS and SPIRE data are given in Table 3.3.
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TABLE 3.3: Far-infrared fluxes of V899 Mon

Band 2010 Sep 14 2013 Mar 06 ∆ flux

PACS 70 µm 2.01 Jy
PACS 160 µm 7.02 Jy
SPIRE 250 µm 9.02 Jy 6.86 Jy 2.86 Jy
SPIRE 350 µm 6.82 Jy 5.68 Jy 1.48 Jy
SPIRE 500 µm 4.65 Jy 4.06 Jy 0.33 Jy

Note: ∆ flux between two epochs were estimated by aperture photometry
on difference images using apertures 48′′ ,60′′ and 70′′ for 250 µm, 350 µm

and 500 µm respectively.

During the peak of the first outburst, fluxes were brighter than the sec-
ond outburst by 2.8 Jy, 1.5 Jy, and 0.3 Jy in 250, 350, and 500 µm, respectively.
V899 Mon was also optically brighter during the peak of the first outburst
than the second outburst epoch by 0.75 magnitude (factor of 2) in R band.
This implies that the far-infrared clump is heated by V899 Mon and is not
spatially far from V899 Mon. We fitted the graybody model to SPIRE data
from the two epochs (Figure 3.11) and estimated the mass to be 20 M� and
temperature of the far-infrared clump to be 10.6 and 10.0 K at each epoch.
This mass estimate is consistent with the envelope mass obtained from Ro-
bitaille et al., (2007) SED fitting (see Table 3.2). The graybody model was
fitted using the following formulation:

Sν(ν) =
M(0.01( ν

1000GHz )β)B(T, ν)

D2
(3.1)

where Sν(ν) is the observed flux density,M is the mass of the clump,B(T, ν)
is the Planck’s blackbody function for temperature T and frequency ν, D is
the distance (taken to be 905 pc), and the dust opacity factor (κν) was taken
to be 0.01( ν

1000GHz )β m2kg−1, where β was fixed to be 2 (André et al., 2010).
To obtain a lower limit of AV , we assumed that the entire mass M is

in a uniform-density sphere of diameter 2R = 50′′ (FWHM of the source in
the SPIRE 500 µm image), and then the mass column density to the center
of the sphere should be 3M/(4πR2). Since most of the gas is molecular,
we can equate this column density to N(H2)µH2mH , where N(H2) is the
H2 column number density, µH2 is the mean molecular weight (taken to be
2.8), and mH is the mass of hydrogen. Our mass estimate of 20 M� then
corresponds to N(H2) = 17.7 × 1021 molecules cm−2. Using the relation
〈N(H2)/AV 〉 = 0.95 × 1021 molecules cm−2 mag−1 (Bolatto, Wolfire, and
Leroy, 2013), we obtain an AV of 18.6 mag to the center of the clump.

If we use PACS 160 µm flux also in the graybody fitting, then we obtain
a mass of 12 M� and a temperature of 11.9 and 12.2 K for the far-infrared
clumps at the two epochs. This mass corresponds to an AV = 11.2 mag
to the center of the uniform spherical clump. Both of these estimates are
substantially higher than the actual AV estimated from optical and NIR
data. This implies that the heating source V899 Mon is not embedded at
the center of this clump; it might be partially located on the front section
of it (or any other geometry as discussed in Section 3.3.1). Even though the
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FIGURE 3.11: Graybody fit of V899 Mon’s far-infrared
SPIRE wavelength fluxes at two epochs. Filled squares are
from the 2010 epoch during the peak of the first outburst,
and filled circles are from 2013 during the second outburst.
The dashed line is the graybody fit to the SPIRE data points
of the first outburst in 2010, and the dot-dashed line is the
fit to the SPIRE data points observed in 2013 during the sec-
ond outburst. PACS data points of the second epoch are

also shown, but were not used for the graybody fit.

mass estimate has some systematic uncertainties from the distance, dust
opacity factor, and graybody model assumption, they are unlikely to cause
a difference of 8 - 15 mag in the AV value.

3.4 Spectroscopic Results

V899 Mon has a rich spectrum of emission and absorption lines in opti-
cal and NIR. Figure 3.12 shows the flux-calibrated optical and NIR spec-
tra taken during the second outburst phase of the source. Our spectro-
scopic observations in optical cover the first outburst, transition, and qui-
escent phases, as well as the second outburst. The fluxes and equivalent
widths of the detected lines at various epochs are tabulated in Table 3.4.
The strong Ca II IR triplet emission lines in the spectrum confirm the V899
Mon source to be a YSO, and the detection of CO (2-0) and (3-1) bandhead
absorption starting at 2.29 µm confirms this source to be an outburst fam-
ily of FUors/EXors. These overtone bandhead lines are seen only in gi-
ants and FUors/EXors. In FUors/EXors they are believed to be forming
in the accretion-heated inner regions of the disk, where temperature is in
the range 2000 K < T < 5000 K and density nH > 1010 cm−3 (Kóspál et al.,
2011). One notable line not detected in the V899 Mon spectrum is Brγ at
2.16 µm. While Brγ is typically found in strong accreting T Tauri stars, it is
not detected in many FUors.

3.4.1 Extinction estimates

To obtain de-reddened line fluxes, we need to know the extinction to the
source. In Section 3.1 our NIR CC diagram does not show any significant
extinction to the source. We also have an estimate of the interstellar extinc-
tion to the source to be AV = 2.6 mag from Figure 4 in Lombardi, Alves,
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FIGURE 3.12: Flux-calibrated optical and NIR spectra of
V899 Mon during its second outburst. All spectra observed
during the second outburst were median combined to im-
prove signal-to-noise ratio. Identified lines in the spectra
are labeled. The optical spectrum (a) is not corrected for at-
mospheric absorption lines. The absorption lines that are
not labeled in the optical spectrum are atmospheric lines.
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TABLE 3.4: Spectral line measurements of V899 Mon

Date JD Hα λ6562.8 Ca II λ8498
eqw Flux eqwabs Outflow Velocity eqw Flux
(Å) (erg/cm2/s) (Å) (km/s) (Å) (erg/cm2/s)

2009-11-30 2455166.33 -17.5 1.9e-13 -10.1 1.52e-13
2009-12-17 2455183.21 -6.88 1.38e-13 4.27 -254 -3.7 1.21e-13
2009-12-21 2455187.27 -7.77 1.83e-13 7.17 -199 -4.78 1.74e-13
2009-12-29 2455195.22 -6.82 1.69e-13 2.48 -263 -4.7 1.89e-13

Note: This table is published in its entirety in the electronic edition of
Ninan et al., (2015). A portion is shown here for guidance regarding its

form and content. Online version contains data of 28 lines.

and Lada, (2011). Hα (6563 Å) and Hβ (4861 Å) lines show an emission
component in their P Cygni profile. If we assume an optically thin case B
emission, the Balmer decrement ratio of the Hα/Hβ emission component
should be in the range of 2.8 - 3 (Osterbrock and Ferland, 2006). Comparing
this ratio with the ratios measured from our spectra, we obtained various
estimates of AV during outburst phase, ranging from 5.9 to 9.2 mag. Our
Hβ profiles show a stronger absorption component than emission compo-
nent; this might cause a significant underestimation of the Hβ flux, which
was estimated by fitting a two-component Gaussian model to the line pro-
file. This implies that the AV estimate from the Balmer decrement is an
overestimate. On the other hand, it is quite likely that the emission is not
optically thin since it is believed to originate in the magnetospheric accre-
tion column, which will make our estimate of AV an underestimate. To
be consistent with our other extinction estimates from the CC diagram and
SED fitting in previous sections, we take AV during the outburst phase to
be 2.6 mag for the remaining spectral line calculations.

3.4.2 Accretion rate

Many of the spectral line fluxes originating near the magnetosphere have
been found to correlate with the accretion luminosity. The correlation is em-
pirically calibrated in the simple form: log(Lacc/L�) = a log(Lline/L�) + b.
For estimating accretion luminosity from hydrogen Balmer series, He I , O I ,
Ca II IR triplet, Paβ, and Paδ lines, we used the coefficients a and b from Al-
calá et al., (2014). The distance to V899 Mon was taken to be 905 pc, and
the observed fluxes were corrected for an extinction of AV = 2.6 mag. To
estimate the accretion rate from the accretion luminosity, we assumed a
mass and age of V899 Mon to be 2.5 M� and 1 Myr, respectively (consis-
tent with the CMD). Stellar radius was then estimated to be 4 R� based on
the isochrone for these values of mass and age (Siess, Dufour, and Fores-
tini, 2000). Finally, using the formula Ṁdisk = (LaccR∗/GM)(1 − R∗/Ri)−1

(where disk inner radius Ri ∼ 5×R∗ ;Gullbring et al., (1998)), we obtained
accretion rates from various lines along the spectrum. No veiling correc-
tion was done for lines that are in absorption; hence, these accretion rate
estimates can be slight underestimates. Figure 3.13 shows all the estimates
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FIGURE 3.13: Accretion rates estimated from various lines
from V899 Mon’s optical and NIR spectra. Triangles show
the first outburst phase, squares show the quiescent phase,
stars show the transition phase, and circles show the second
outburst phase. There is a significant difference in accretion

rates estimated using different lines.

of accretion rates from various lines as a function of their wavelengths. Fig-
ure 3.14 shows the normalized accretion rates obtained from different lines
at various epochs. A clear reduction in relative accretion, by at least a factor
of 2 during quiescent phase with respect to the second outburst phase, is
seen in all the accretion rates obtained from different lines.

3.4.3 Mass loss

Ratio of the mass loss to mass accretion in YSOs is a key parameter pre-
dicted by various jet launch mechanism models. The FUors/EXors family
of objects gives us a direct observational constraint on this ratio. Based on
the SED fit in Section 3.3, we obtained an Lbol of V899 Mon of ∼150 L�
during the outburst phase. Using the relation between mass loss and Lbol
in young HeBe and T Tauri stars, viz., log(Ṁ) = −8.6 + 0.7 × log(Lbol)
by Nisini et al., (1995), we get an estimate of the mass outflow in V899
Mon to be 1×10−7 M�yr−1. This rate is larger than typical T Tauri stars
(10−8 M�yr−1) but less than classical FUors (10−5 M�yr−1) (Hartmann and
Kenyon, 1996).

We could also directly measure the mass-loss rate from [O I ] λ6300 flux
using the relation A8 of Hartigan, Edwards, and Ghandour, (1995). Mass
outflow is directly proportional to the optically thin forbidden line emis-
sion fluxes originating in the outflow. The mass-loss estimate from [O I ]
λ6300 flux through a 2′′ slit aperture, by assuming a distance of 905 pc and
a typical sky plane component of the outflow velocity of 150 km s−1, is
2.6×10−7 M�yr−1.

We could not detect any significant change in these forbidden line fluxes
during quiescence. Our 2′′ slit aperture at 905 pc distance corresponds to a
2.7×1011 km wide region. Even if we assume the sky plane velocity to be
as large as 700 km s−1 (seen in P Cygni outflow), the gap in outflow due
to one year of quiescence will be only 2.2×1010 km, which is just 1/10 of
the total aperture. Hence, our nondetection does not conclude whether the
large-scale low-density outflow traced by forbidden lines was interrupted
or remained uninterrupted during the quiescent phase.
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outburst phase.

3.4.4 Outflow Temperature and Density

Flux ratios of the optically thin forbidden emission lines provide a direct
estimate of the density and temperature of the outflow region. For better
signal-to-noise ratio, we estimated the average flux of the forbidden lines
by combining all the second outburst phase spectra of V899 Mon. Flux ratio
[S II ] λ6716/λ6731 is a good tracer of density and is insensitive to temper-
ature. Flux of the [S II ] λ6731 line is 2.4×10−14 erg cm−2s−1, whereas the
[S II ] λ6716 line is not detected in our spectrum, so we estimate the upper
limit to be < 1×10−14 erg cm−2s−1. The ratio [S II ] λ6716/λ6731 < 0.45 im-
plies that the electron density ne is> 104 cm−3 (Figure 5.8 in Osterbrock and
Ferland, (2006)). The ratio of [O I ] λ5577/λ6300 in V899 Mon is ∼ 0.09. For
a range of temperature from 9000 to 20,000 K, this ratio is consistent with
ne ranging from 2×105 cm−3 to 4×106 cm−3 (Figure 6 in Hamann, (1994)).

Once we have a density constraint, we can now use other line ratios
to estimate the temperature. For instance, using the formula 5.5 in Oster-
brock and Ferland, (2006), for a density of ne = 2× 105 cm−3, ratio [O I ]
(λ6300+λ6364)/λ5577 ∼ 15 gives an estimate of the temperature to be ∼
8500 K. Density-insensitive line ratio [Ca II ] λ7291 / [OI] λ6300 ∼ 0.1 in
V899 Mon implies a temperature <9000 K (Figure 5 in Hamann, (1994)).
But the line ratio [S II ] λ6731 / [O I ] λ6300 ∼ 0.08 implies a temperature
> 9000 K (Figure 5 in Hamann, (1994)). To be consistent with all these in-
dependent estimates, we shall take the temperature of the outflow to be ∼
9000 K.
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FIGURE 3.15: Selected sample of Hα emission line profiles
from different phases of V899 Mon. (a) First outburst phase;
(b) heavy outflow during the end of first outburst phase; (c)
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to second outburst phase; (e) second outburst phase. The
asterisk indicates a particular profile on 2014 September 25,
when the P Cygni became very weak for a very short dura-
tion. The spectrum taken immediately after 1 month shown

in the top of the right panel had a strong P Cygni profile.

3.4.5 Line profiles and variability

Hα λ6563 Almost all prominent lines in the spectrum showed variability
during our period of observations. The line that showed the most dramatic
changes in line profile is Hα, which has a strong P Cygni absorption com-
ponent and is believed to be formed in a magnetospheric accretion funnel.

Figure 3.15 shows the evolution of the Hα P Cygni profile during its
first outburst phase, quiescent phase, and the current ongoing second out-
burst phase. It is a selected representative sample of line profile plots from
each epoch. The first spectrum published by Wils et al., (2009) shows no
P Cygni profile in Hα. Our initial spectrum observed 13 days later during
the peak of the first outburst shows a CI Tau profile typically seen in many
T Tauri stars (Stahler and Palla, 2005). In subsequent spectra, the absorp-
tion component grows considerably, transforming the Hα line profile into
a strong P Cygni profile (Figure 3.15). We also see complex structures in
the absorption component of P Cygni in the spectrum taken on 2010 Jan-
uary 17. All these evolutions indicate that the outflow wind increased dra-
matically towards the end of first outburst. By the onset of the quiescent
phase, the absorption component in P Cygni completely disappeared and
the Hα showed a near-symmetric emission line. We also did not see any P
Cygni profile when the source was undergoing transition from the quies-
cent phase to the second outburst phase. P Cygni profiles, much fainter in
strength compared to the peak of the first outburst, only started appearing
after the full onset of the second outburst. Even though during the sec-
ond outburst the outflow P Cygni profile is more stable than during the last
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FIGURE 3.16: Hα (a) emission and (b) P Cygni absorption
line profiles of V899 Mon observed on 2014 December 22

using SALT-HRS.

phase of the first outburst, the spectrum taken on 2014 September 25 shows
only a very weak P Cygni in Hα. These delays and short pauses indicate a
nonsteady nature in the outflows from FUors/EXors. Table 3.4 shows the
fluxes and equivalent widths obtained by fitting a two-component Gaus-
sian to the line profiles.

Our high-resolution spectrum (R ∼ 37,000) taken using SALT-HRS on
2014 December 22 resolves the Hα line and its multi-component profile.
Figure 3.16 (a) shows the emission component of the Hα line profile, and
Figure 3.16 (b) shows the absorption component in the spectrum taken us-
ing SALT-HRS. The redshifted part of the profile peaks at +18 km s−1 and
has smooth wings with an extra broad component reaching up to a velocity
of +420 km s−1 (Figure 3.16 (a)). On the other hand, the blue part of the
profile shows complicated multicomponent velocity structures (Figure 3.16
(b)). The outflow absorption component extends up to -722 km s−1. We
could see structures in absorption at -648, -568, -460, -274, -153, -100, and
-26 km s−1.

These are typically associated with bulk motion within the outflowing
gas (Stahler and Palla, 2005). To understand how the outflow components
evolve, it will be interesting to study the evolution of these components
in velocity time space by carrying out multiepoch high-resolution spectro-
scopic observations.

Forbidden lines [O I ] λ6300, λ6363, [Fe II ] λ7155 Another important tracer
of outflow is the forbidden line [O I ] at 6300.304 Å. Our medium-resolution
time evolution study does not show significant variation in this line, possi-
bly owing to the fact that they originate in low-density jets/outflows. The
SALT-HRS high-resolution spectrum shows a very interesting plateau pro-
file for the [O I ] λ6300 line (see Figure 3.17 for the resolved profile). Since
we have not corrected our spectrum for telluric absorption, we shall not in-
terpret the narrow absorption dips seen on the plateau structure. The pro-
file has a strong redshifted emission at +25 km s−1 with an FWHM of 21 km
s−1. The emission in the blueshifted part extends up to ∼-450 km s−1. Fig-
ure 3.18 shows the other two weaker forbidden lines [O I ] λ6363 and [Fe II ]
λ7155 plotted over the [O I ] λ6300 profile. We see an almost similar struc-
ture in [O I ] λ6363, with a blueshifted emission extending up to -450 km
s−1 and a narrow peak emission at +20 km s−1. The [Fe II ] λ7155 line also
shows a very similar structure with a blue part extending up to ∼-500 km
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FIGURE 3.17: [O I ] λ6300 emission line structure from V899
Mon observed on 2014 December 22 using SALT-HRS.
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FIGURE 3.18: [O I ] λ6363 and [Fe II ] λ7155 emission line
profile structures plotted over the [O I ] λ6300 profile of
V899 Mon observed on 2014 December 22 using SALT-HRS.

s−1 and a peak emission at∼+22 km s−1. Since the forbidden line emissions
are optically thin, their flux is directly proportional to the column density of
emitting species. The plateau profile implies almost equal column density
in the blueshifted outflow with a velocity gradient in the jet. Since we are
detecting only the velocity component of the jets along the line of sight, the
gradient can be either due to actual change in the outflow velocity or due
to the geometrical projection effect of the outflow. A cone-shaped outflow
in the direction of the observer can give rise to different projected velocities
from different radial regions of the cone. A time evolution study of these
profiles will give insight into the structure of the outflow. The redshifted
emission peak is more difficult to explain. This might be the rest velocity
of the system, or originating from the envelope to disk infall shock regions
on the surface of the disk, or from the tail part of a bipolar outflow that is
moving away from us and emerging out of the region occulted by the disk
in our line of sight.

Ca II IR triplet λ8498, λ8542, λ8662 Ca II IR triplet lines (8498.02 Å, 8542.09
Å, 8662.14 Å) are believed to be originating inside and very near to the
accretion column, resulting in their tight correlation with accretion rate
(Muzerolle, Hartmann, and Calvet, 1998). Our continuous spectral mon-
itoring shows that the P Cygni profile in Ca II IR triplet lines evolved simi-
lar to Hα. The outflow component got stronger toward the end of the first
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outburst, then it completely disappeared during the quiescent phase, and
finally reappeared after the full onset of the second outburst. As seen in
typical T Tauri stars and FUors/EXors, the line ratios of Ca II IR triplet lines
in the V899 Mon spectrum are found to be 1:1.01:0.77, representing an op-
tically thick gas dominated by collisional decay. Unlike the emission com-
ponents, the ratio of P Cygni absorption components of λ8542 and λ8662
measured from the high-resolution spectrum is 0.83:0.53 (= 1.57:1), which
is more consistent with atomic transition strengths (1.8:1). This implies that
the absorption components in outflow are optically thin. These values are
surprisingly similar to the P Cygni profiles of Ca II IR triplet lines detected
in the episodic winds of V1647 Ori (Ninan et al., 2013b). Following the same
arguments as in Ninan et al., (2013b), we could estimate the Ca II column
density in the outflow to be 3.4× 1012 cm−2 and the hydrogen column den-
sity to be NH ∼ 3.8 × 1020 cm−2.

Figure 3.19 shows the resolved profiles of Ca II IR triple lines. All the
three triplet lines (λ8498.02, λ8542.09, λ8662.14) show an asymmetric trian-
gular profile with a steeper slope on the red side and a shallower slope on
the blue side. The peaks of these lines are redshifted by +18.7, +21.4, and
+23.2 km s−1, respectively. This increase in the redshift is also seen in the
line center estimated by fitting a Gaussian profile to the lines. The σ of the
fitted Gaussian for each line is 1.177, 1.229, and 1.186 Å, respectively. The
ratio of line widths of λ8498 and λ8542 is 0.96, which implies that λ8498
is ∼4% thinner than λ8542, as seen in many other T Tauri stars (Hamann
and Persson, 1992), though there is no statistically significant evidence for
the peak of the former line to be larger than the latter one. Hamann and
Persson, (1992) attributed these ratios to substantial opacity broadening of
λ8542 or to lower dispersion velocity in the deeper part of the region from
where Ca II IR triple lines originate. The velocities of the smooth broad-
ened emission profiles extend up to ±150 km s−1. Figure 3.20 shows the P
Cygni absorption component in Ca II λ8542 and λ8662 lines. The absorp-
tion components are quite broad and extend up to ∼-470 km s−1 in both
the lines. The absorption component in λ8662 shows a prominent structure
that which extends only up to ∼-250 km s−1.

O I λ7773, λ8446 The absorption component of O I triplet lines at 7773 Å
(Figure 3.21), which is not seen in the photosphere of cool stars, is believed
to be formed in T Tauri stars owing to warm gas in the envelope or hot pho-
tosphere above the disk, and it is an indicator of the turbulence (Hamann
and Persson, 1992). The equivalent widths of this line in V899 Mon spec-
tra show a very strong increase and then sudden decrease in strength just
before the source went into the quiescent phase (see Figure 3.22). Ow-
ing to turbulence or disk rotational broadening of the O I triplet lines at
7771.94, 7774.17, and 7775.39 Å, our high-resolution spectrum (see Figure
3.21) shows a blended Gaussian absorption profile with σ = 2.43 Å (FWHM
= 220 km s−1). The velocities originating from turbulence or disk rotation
extend up to ∼ ±200 km s−1.

Another O I triplet at λ8446 (containing 8446.25 Å, 8446.36 Å, 8446.76 Å
triplet lines) is also seen in absorption in our SALT-HRS spectrum. These
lines are also blended and have a combined FWHM = 174 km s−1. The
central position of the absorption line does not show any significant redshift
and if present can be constrained to be < 5 km s−1. This implies that the
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1.0

1.5

2.0

2.5

3.0

3.5

4.0

N
or
m
a
li
ze
d
 C
ou
n
ts

-250 -200 -150 -100 -50 0 50 100 150 200
v (km/s)

(b) λ8542

8656 8658 8660 8662 8664 8666 8668

λ (Ȧ)
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FIGURE 3.19: Ca II IR triplet emission line profiles of V899
Mon observed on 2014 December 22 using SALT-HRS.
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FIGURE 3.20: Ca II IR triplet P Cygni absorption line profile
of V899 Mon observed on 2014 December 22 using SALT-

HRS.
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FIGURE 3.22: Evolution of equivalent width of O I λ7773
triplet, which traces the strength of turbulence in the disk

of V899 Mon.

∼+20 km s−1 (heliocentric velocity) redshift component seen in emission
line profiles like the Ca II IR triplet and forbidden lines are not due to any
uncorrected peculiar velocity of V899 Mon with respect to our Sun.

Fe I λ8514, λ8387, λ8689, λ8675 Many Fe I emission lines were detected in
our medium-resolution optical spectrum. All these lines were also resolved
in SALT-HRS spectrum. Fe I λ8514 is a blend of two lines at 8514.07 and
8515.11 Å; their blended profile has an FWHM of 76 km s−1. Fe I 8387.777
Å has a +26.5 km s−1 redshifted profile with an FWHM of 62.8 km s−1,
Fe I 8688.625 Å has a +26.74 km s−1 redshifted profile with an FWHM of
63.3 km s−1, whereas a weaker Fe I 8674.746 Å line has a +40 km s−1 red-
shifted profile with an FWHM of 59.2 km s−1. The redshifts in these lines
are consistent with the redshifts we have measured in other resolved lines
(for example, in Ca II IR triplet lines and forbidden lines).

3.5 Constraints from 1280 MHz Observation

V899 Mon was not detected in the 1280 MHz GMRT radio continuum map
observed during its second outburst. The local background noise σ in the
map after cleaning was∼0.1 mJy. We could detect eight other point sources
in the 28′ × 28′ FOV map centered at V899 Mon’s position. For this study,
we take a 5σ ∼0.5 mJy to be a strict upper limit on V899 Mon’s 1280 MHz
flux.

The ionizing flux from the magnetospheric accretion can create an H II region
around the central source. Even though hydrogen Balmer lines detected in
our optical spectra originate in the ionized region, since they are not opti-
cally thin, we cannot use them to constrain the extent of the H II region.

If we consider the H II region to be formed by a smooth, isothermal, and
isotropic stellar outflow, from our mass outflow rate and velocity estimates,
we can obtain the expected flux using the following formula (Moran, 1983).
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where S(ν) is the expected flux density, Te is the electron temperature of
the outflowing ionized wind, Ṁ is the mass outflow rate, v is the terminal
velocity of outflow, D is the distance to V899 Mon, and ν is the frequency of
observation. From our spectroscopic estimates of these quantities, we can
substitute Ṁ = 0.26 × 10−6 M�yr−1, outflow velocity v = 1.5 × 102 km s−1

, Te = 0.9 × 104 K, D = 0.905 kpc, and ν = 1.28 GHz. We obtain S(1.28 GHz)
= 0.17 mJy, which is consistent with our observed upper limit of 0.5 mJy.
Since the outflows we detected in the optical spectrum are unlikely to be an
isotropic outflow, our predicted estimate of 0.17 mJy is also an upper limit.

Instead of considering a radial density profile due to outflow, since we
have an estimate of density from forbidden optical lines, we can calculate
an upper limit on the maximum size of a homogeneous, isotropic, spheri-
cal H II region around V899 Mon. For an H II region of radius Rs, using a
spherical volume emission measure, we have the expression (Moran, 1983).

S(ν) = 3.444× 10−83

(
104K
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)0.35(
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)0.1

(
1kpc

D

)2 4πR3
s

3
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where the radius of the H II region Rs is in cm, and electron density ne is
per cm3. Taking 0.5 mJy as an upper limit on S(ν) and ne ∼ 1 × 106cm−3,
we obtain Rs < 20 AU. Since the flux of the ionizing Lyman continuum
inside an H II region is equal to the volume emission measure times the
recombination rate, we have obtained the following relation for NLyc,

NLyc = 7.5487× 1043 ×
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Using our upper limit of S(ν), we obtain an upper limit on the Lyman con-
tinuum flux from V899 Mon to be NLyc < 5× 1043 photons s−1.

3.5.1 V899 Mon: FUor or EXor

The empirical classification between FUors and EXors is based on the simi-
larity in observed properties with classical FUors (FU Ori, V1515 Cyg, etc.)
and EXors (EX Lup, V1118 Ori, etc.). Audard et al., (2014) provide a de-
tailed comparison of these objects from the literature. The ∼3 mag change
in the brightness of V899 Mon during its outburst is typical of the EXors
family of outbursts. On the other hand, the duration of outbursts in V899
Mon,∼4 yr for the first outburst and greater than 3.5 yr for the ongoing sec-
ond outburst, is significantly more than the typical duration EXors spend



46 Chapter 3. V899 Mon

in outburst (less than 1–3 yr). Unlike V899 Mon, EXors also remain in qui-
escence longer than the time they spend in the outburst phase. However,
V899 Mon’s outburst timescales are still much less than classical FUors.

Spectroscopically, classical FUors have all optical and NIR hydrogen
lines in absorption, while EXors have those lines in emission. In the case
of V899 Mon, Hα and a small component of Hβ are in emission, while all
the other hydrogen lines in optical and NIR are in absorption. CO band-
heads starting at 2.29 µm are also in absorption. Hence, spectroscopically
also V899 Mon lies between classical FUors and EXors. The Lbol estimates
of V899 Mon from SED are greater than that of typical EXors, and they are
less than that of classical FUors. The mass accretion rate during outburst
phase is typical of EXors and is an order less than that of classical FUors.

Many of the recently discovered outbursts like V1647 Ori, OO Ser, etc.,
also show such intermediate properties between the classical bimodal clas-
sification of FUors and EXors. Discovery of more such intermediate-type
outburst sources like V899 Mon indicates that this family of episodic accre-
tion outbursts probably has a “continuum” distribution and not bimodal.

3.6 Summary

In this chapter, we have presented the results from our long-term monitor-
ing of V899 Mon from 2009 September to 2015 April. During this period,
V899 Mon underwent transition from the first outburst phase to the quies-
cent phase and then back to the second outburst phase. The following are
the key results of this chapter.

1. Optical and NIR spectroscopy of V899 Mon confirms it to be a mem-
ber of the FUors/EXors family of outbursts.

2. We have estimated various stellar parameters of V899 Mon like mass,
age and extinction, and outflow temperature and density.

3. At the end of 2010, V899 Mon abruptly ceased its first outburst phase
and transitioned to the quiescent phase for a duration of little less than
a year, immediately after which it returned to the second outburst.

4. Just before the break in the first outburst phase of V899 Mon, its spec-
tra showed heavy outflow activity (indicated by a strong P Cygni)
and increased turbulence.

5. The excess flux of the outburst initially had a cooler temperature than
V899 Mon’s photosphere and slowly became hotter as V899 Mon tran-
sitioned from the quiescent phase to the second outburst phase. This
was seen in the change of V −R and V − I color of V899 Mon, which
had reddest values during the intermediate transition period.

6. The outflows indicated by P Cygni profiles completely disappeared
during the quiescent phase of V899 Mon and reappeared gradually
only after V899 Mon reached the peak of the second outburst.

7. The high-resolution spectrum of the forbidden emission line profiles
originating in outflows/jets shows blueshifted velocity components
extending up to -500 km s−1, while the outflows traced by Hα P Cygni
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absorption profiles originating near the central star show complex
multiple absorption components with velocities up to -722 km s−1.

8. As expected from accretion outbursts, accretion rates estimated for
V899 Mon from spectral lines show significant variation between first
outburst, quiescent, and second outburst phases.

9. Since theAV estimate from far-infrared is inconsistent with optical ob-
servations, V899 Mon is not embedded inside the far-infrared clump
detected at its location. It is possible that our line of sight is through
a cavity cleared out in the envelope. The clump is thermally influ-
enced by the irradiation from V899 Mon since it showed variation in
far-infrared flux between the first and the second outburst phases.
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V1647 Ori

Another recently discovered, peculiar, FUors/EXors object is V1647 Ori
(V1647 Orionis), 400 pc away in the L1630 dark cloud of Orion. Unlike
V899 Mon, this source is more extensively studied in literature. V1647 Ori
underwent a sudden outburst of ∼ 5 mag in the optical band in 2003 (Mc-
Neil, Reipurth, and Meech, 2004; Briceño et al., 2004) and illuminated a
reflection nebula, now named as McNeil’s nebula after its discoverer Jay
McNeil. Reipurth and Aspin, (2004) reported 3 mag increase in the near-
infrared (NIR) band and Andrews, Rothberg, and Simon, (2004) reported 25
times increase in 12 µm flux and no change in submillimeter flux of V1647
Ori during the outburst. Kastner et al., (2004) reported a 50 times increase
in X-ray flux of V1647 Ori during the outburst and noted that the derived
temperature of the plasma is too high for accretion alone to explain, hinting
that magnetic reconnection events might be heating up the plasma. Based
on the upper limit on radio continuum emission from McNeil’s nebula at
1272 MHz from the Giant Metrewave Radio Telescope (GMRT), India, Vig et
al., (2006) constrained the extent of the H II region corresponding to a tem-
perature & 2500 K to be . 26 AU. Spectroscopic studies showed strong Hα
and Ca II IR triplet lines in emission (Briceño et al., 2004; Ojha et al., 2006).
In the NIR region, strong CO bandheads (2.29 µm) and a Brγ line (2.16
µm; implying strong accretion) were detected in emission (Reipurth and
Aspin, 2004; Vacca, Cushing, and Simon, 2004). The strong P-Cygni pro-
file in Hα emission indicated wind-velocity ranging from 600 to 300 km s−1

(Ojha et al., 2006; Vacca, Cushing, and Simon, 2004). Abrahám et al., (2006)
carried out AU-scale observations using the Very Large Telescope Interfer-
ometer/ Mid-Infrared interferometric Instrument (VLTI/MIDI). By fitting
both spectral energy distribution (SED) and visibility values, they deduced
a moderately flaring disc with temperature profile T ∼ r−0.53 (T (1AU) =
680 K) and mass ∼ 0.05M�, with inner radius of 7 R� (0.03 AU) and outer
radius of 100 AU. This temperature profile is shallower than the T ∼ r−0.75

canonical model (Pringle, 1981). They also reported that the mid-infrared
emitting region at 10 µm has a size of ∼7 AU. Rettig et al., (2005) used the
CO lines in the infrared (IR) band to measure the temperature of the inner
accretion disc region, which was estimated to be T ≈ 2500 K.

Ojha et al., (2006) and Kospal et al., (2005) reported a sudden dimming
and termination of the 2003 outburst in 2005 November. Thus, the 2003 out-
burst lasted for a total of ∼2 yr, and V1647 Ori returned to its pre-outburst
phase in early 2006. Acosta-Pulido et al., (2007b) estimated the inclina-
tion angle of the disc to be 61◦ and also estimated the accretion rate to be
5×10−6M� yr−1 during outburst and 5×10−7M� yr−1 in the 2006 quiescent
state. Aspin et al., (2006) reported that∼37 yr prior to the 2003 outburst, i.e.,
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FIGURE 4.1: Cross section of V1647 Ori surroundings we
know so far and the line-of-sight angle to the disc. Image is

not drawn to scale.

in 1966, V1647 Ori had undergone a similar magnitude of outburst, lasting
somewhere between 5 and 20 months.

Contrary to expected decades-long quiescense, V1647 Ori underwent a
second outburst in 2008 after spending just two years in a quiescent state
(Aspin et al., 2009). It brightened up to the same magnitude and had almost
identical spectral features in optical and NIR bands as the first outburst.
One striking difference was that the strong CO bandhead emission at 2.29
µm was absent in the second outburst (Aspin, 2011a). The X-ray flux with
plasma temperature of 2-6 keV during both outbursts was postulated to be
due to magnetic reconnection events in the disc-star magnetic field inter-
action (Teets et al., 2011, and references therein). Hamaguchi et al., (2012)
normalised and combined both outbursts’ data in X-ray and detected 1 day
periodicity in the light curve, which they modeled with two accretion hot
spots on the top and bottom hemispheres of the star rotating with 1 day
period and inclination of 68◦. Figure 4.1 shows the overall cross-section
picture of the surroundings of V1647 Ori we know so far.

In this chapter, we present the results from our more than four and a
half years (2008 - 2013) of optical and NIR photometric and spectroscopic
observations of the ongoing second outburst of V1647 Ori and the associ-
ated McNeil’s nebula. The results presented in this chapter are published
in Ninan et al., (2013b).

4.1 Photometric Results

Figure 2.2 shows the three-color composite image (V: blue; R: green; I: red)
of the McNeil’s nebula field (FOV ∼ 10 × 10 arcmin2) obtained from IGO
on 2010 February 13. Secondary standard stars used for flux calibration are
marked as A, B, C, and D. The outburst source V1647 Ori, illuminating the
nebula, is marked at the center. Region C, possibly unrelated to Herbig-
Haro object, HH 22A, which is illuminated by V1647 Ori, is also marked.
V1647 Ori had already reached its peak outburst phase before our first op-
tical observation in 2008 September. Its light curve steadily continued in
peak outburst flux (“high plateau”) phase even until our last observation
taken in 2013 March. However, our long-term continuous monitoring from
2008 September 14 to 2013 March 11 shows a slow but steady linear declin-
ing trend in the brightness of the source and nebula (Ninan et al., 2012). The
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linear slopes and the error in estimates of slopes were obtained by simple
linear regression by ordinary least-squares fitting. V, R, and I magnitudes
of V1647 Ori and of region C, which is illuminated by V1647 Ori from its
face-on angle of the disc, are listed in Table 4.1. Light curves of V1647 Ori
in I and R bands clearly show a steady dimming (see Figure 4.2). During
the first four and a half years of its second outburst, the brightness in I and
R bands has decreased by ∼ 0.2 mag. The rate of decline in magnitude of
V1647 Ori is 0.036±0.007 mag yr−1 in I band and 0.038±0.007 mag yr−1 in
R band. We do not see any statistically significant decline in V band mag-
nitude of V1647 Ori. This could be due to the higher fraction of contami-
nation of the nebula over V1647 Ori’s aperture and slightly higher error in
magnitudes due to faintness of the source in V band. These flux changes
are along our direct line of sight at an angle of ∼ 30◦ to the plane of the
disc (Acosta-Pulido et al., 2007b). However, the flux measured along the
cavity in perpendicular direction to the disc, which is reflected from region
C, shows a dimming trend of 0.059±0.005 mag yr−1 in I band, 0.051±0.005
mag yr−1 in R band, and 0.060±0.005 mag yr−1 in V band (see Figure 4.3).
Hence, region C seems to be dimming faster than V1647 Ori. This could be
either due to material inflow into cavity between region C and V1647 Ori as
the outburst is progressing or due to a change in extinction along the cav-
ity induced by slow dimming of V1647 Ori’s brightness. During the first
outburst in 2003, the linear dimming rate during the plateau stage was 0.24
mag yr−1 in R band (Fedele et al., 2007), which was ∼ 6.3 times faster in
magnitude scale than the present dimming rate in the second outburst. Just
like in other T Tauri stars, we also see a lot of short time scale random vari-
ations in the source magnitude (peak-to-peak ∆V ' 0.35 mag, ∆R ' 0.30
mag, and ∆I ' 0.20 mag), which could be due to density fluctuations in
the infalling gas on to the star.

TABLE 4.1: Optical V RI photometry of V1647 Ori and re-
gion C

Julian Date V1647 Ori region C

V R I V R I

2454724 19.08 17.06 14.98 15.59 14.99 14.36
2454726 19.11 17.11 15.04 15.57 14.98 14.36
2454738 19.00 17.04 14.99 15.59 15.06 14.36
2454741 19.04 17.05 15.02 15.59 14.98 14.33
2454742 19.09 17.09 15.04 15.55 15.02 14.39
2454745 19.12 15.02 15.60 14.30
2454751 19.26 17.08 15.02 15.50 15.02 14.20

†† Observed from IGO, all other nights are from HCT.

Note: Estimated error in magnitude of V1647 Ori is ≤ ±0.05 for V and
≤ ±0.02 for R and I. Estimated error in magnitude of region C is ≤ ±0.02

for V, R and I.

Note: This table is published in its entirety in the electronic edition of
Ninan et al., (2013b). A portion is shown here for guidance regarding its

form and content.
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FIGURE 4.2: Magnitude variation of V1647 Ori in the I, R,
and V band from 2008 September to 2013 March. Typical
photometric error bar is given at the left bottom corner. The
filled circles are from HCT, and filled squares are from IGO
measurements. The rate of dimming in I, R, and V bands is
0.036±0.007 mag yr−1, 0.038±0.007 mag yr−1, and 0.021±

0.009 mag yr−1, respectively.

Our light curve of V1647 Ori does not show any 56 day periodicity,
which was reported by Acosta-Pulido et al., (2007b) during the first 2003
outburst. Based on the correlated reddening of flux during the minima of
light curve, they proposed that periodicity was due to occultation of a dense
clump in the accretion disc at a distance of 0.25 AU from the star. The peak-
to-peak amplitude in I band was ∼0.3 mag in 2003. We have not detected
this variability in the 2008 outburst, which implies that the dense clump
might have gotten dissipated between the 2003 and 2008 outburst events.
Our Lomb-Scargle periodogram analysis of magnitudes did not show any
other statistically significant periodicity.

The optical magnitudes during the second outburst are almost similar
to that of the first outburst in 2003. In fact, the first known outburst of
V1647 Ori in 1966 (∼38 yr prior to 2003), reported by Aspin et al., (2006),
also had similar magnitude to the present one, however, all three outbursts
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FIGURE 4.3: Magnitude variation of region C, illuminated
by V1647 Ori, in the I, R, and V band from 2008 September
to 2013 March. Typical photometric error bar is given at the
left bottom corner. The filled circles are from HCT, and filled
squares are from IGO measurements. The rate of dimming
in I, R, and V bands is 0.059± 0.005 mag yr−1, 0.051± 0.005

mag yr−1, and 0.060± 0.005 mag yr−1, respectively.
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FIGURE 4.4: Movement of the position of V1647 Ori in the
J −H/H−K CC diagram from the quiescent phase in 2007
to the second outburst phase. The solid curve shows the lo-
cus of field dwarfs, and the dashed-dotted curve shows the
locus of giants (Bessell and Brett, 1988). The dotted line rep-
resents the locus of CTT stars (Meyer, Calvet, and Hillen-
brand, 1997). The diagonal straight dashed lines show the
reddening vectors (Rieke and Lebofsky, 1985), with crosses

denoting an AV difference of 5 mag.

have different timescales. Implications of this fact on outburst model will
be discussed in Chapter 5.

Our NIR J, H, and K magnitudes are listed in Table 4.2. Similar to the
optical light curve, there is a faint dimming trend in NIR also. Venkata
Raman et al., (2013), with more NIR data points, estimated the fading rate
in J band to be 0.08 ±0.02 mag yr−1. The J − H/H − K color-color (CC)
diagram (Figure 4.4) shows the movement of V1647 Ori from the 2007 data
point taken in quiescent phase to outburst state. It is similar to what was
seen in the 2003 outburst. From the quiescent phase position in the CC
diagram, V1647 Ori has moved towards the classical T Tauri (CTT) locus
along the reddening vector and currently occupies the same position as in
the 2003 outburst. The position of V1647 Ori in the CC diagram is consistent
with a similar CC diagram published by Venkata Raman et al., (2013). This
implies that the decrease in line of sight extinction during the outburst is
the same as that seen during the 2003 outburst. Since our line-of-sight is
through the envelope, it must be likely due to a reversible mechanism like
dust sublimation in the inner region of the envelope during each outburst
(Acosta-Pulido et al., 2007b; Mosoni et al., 2013; Aspin et al., 2009). Since
the star is deeply embedded, we have reflections and dust emission effects
also affecting the position of V1647 Ori in the CC diagram. So the extinction
estimated from the CC diagram is not very reliable. Otherwise, we can see
that the second outburst has cleared out circumstellar matter of δAV ∼ 6±2
mag. This is also consistent with the estimate of extinction change during
first outburst by Mosoni et al., (2013), δAV ∼ 4.5 mag (see also Aspin, Beck,
and Reipurth, (2008)).
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TABLE 4.2: NIR J H K photometry of V1647 Ori

Date (UT) J H K Instrument

28-Oct-07 14.12 11.43 9.36 NIRCAM
19-Oct-08 10.64 9.01 7.63 NIRCAM
12-Jan-09 10.59 8.76 7.62 NIRCAM
12-Feb-09 11.04 9.01 7.51 NIRCAM
18-Feb-09 10.87 9.16 7.68 NIRCAM
23-Oct-09 10.71 8.89 7.40 NIRCAM
24-Oct-09 10.71 8.88 7.44 NIRCAM
20-Feb-10 10.75 8.96 7.43 NIRCAM
23-Mar-10 10.73 9.14 NIRCAM
18-Nov-11 10.75 8.90 7.58 NIRCAM
03-Dec-11 10.94 9.28 7.41 TIRCAM2
04-Dec-11 10.97 9.19 7.42 TIRCAM2
06-Dec-11 10.84 9.10 7.47 TIRCAM2
07-Nov-12 10.73 9.01 7.46 NIRCAM

Note: Estimated error in magnitude is ≤ ±0.1 (K) and ≤ ±0.05 (H and J).

4.2 Morphological Results

Between the 2003 and 2008 outbursts, McNeil’s nebula does not have any
significant morphological changes; however, the intensity distribution of
the nebula has changed between the outbursts. Figure 4.5 shows the differ-
ence in R band flux along the nebula between 2011 and 2004. Images of sim-
ilar atmospheric conditions were taken and scaled to match the brightness
of V1647 Ori before subtracting the 2004 image from that of 2011. Brighter
shade implies that the region is brighter in 2011 than 2004. We can see that
region C is brighter in the second outburst than it was in 2004. This could
be due to dust clearing up between the last two outbursts along the cavity
seen in NIR in the region C direction (Ojha et al., 2005). Our photometric
results show that region C is dimming faster than V1647 Ori, and one of
the explanations for that could be material inflow into the cavity during the
outburst. However, region C is relatively brighter in the 2008 outburst than
in 2004 for the same brightness of V1647 Ori. This implies that the matter
inflow to the cavity was not occurring during the quiescent phase between
2006 and 2008. This is also based on the implicit assumption that the ex-
tinction along the line-of-sight direction to V1647 Ori is the same between
the 2003 and 2008 outbursts. The other significant change is in illumination
of the south western knot (region B) of the nebula; its illumination seems to
have shifted slightly towards the west. These illumination changes in the
nebula imply a structural change in the circumstellar matter above the disc
and cavity. A similar pattern and conclusion were also reported between
the 1966, 2003, and 2008 outbursts by Aspin et al., (2006) and Aspin et al.,
(2009). Similar analysis of image pairs taken between 2008 and 2012 did not
show any significant morphological changes. Our image pairs had a seeing
of 1.6′′. Hence, to check whether any change in illumination of nebula is oc-
curring during the present outburst, we need images with seeing less than
1.6′′.
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FIGURE 4.5: HCT R band image of 2011 minus 2004, af-
ter normalising with respect to the brightness of V1647 Ori.
The images were chosen from the nights with the same at-
mospheric seeing and aligned using other field stars in the
FOV. The bright portions show the regions that were rela-
tively brighter in 2011, and dark portions show the regions
that were relatively brighter in 2004. For example, region
C shown in the upper box is brighter in 2011. Also note
the change in illumination of south western knot region B
marked by the lower box in the nebula. North is up and

east is to the left-hand side.

4.3 Spectroscopic Results

V1647 Ori optical spectra show strong Hα (6563 Å) emission and a Ca II IR
triplet at 8498, 8542, and 8662 Å in emission. Other weak lines seen are Na
D (5890+5896 Å) and O I (7773 Å) in absorption, and [O I ] (6300 Å), O I (8446
Å), [Fe II ] (7155 Å) and Fe I (8388, 8514 Å) in emission (see Figure 4.6). The
equivalent widths of Hα, Ca II IR triplet lines, and O I (7773 Å) are listed in
Table 4.3.

4.3.1 Hα line

The strong Hα line in V1647 Ori shows a clear P Cygni profile, as well as
substantial variations. Figure 4.7 shows the variations of Hα profiles dur-
ing our four and a half years of observations. P Cygni profiles were more
prominent in the early part of the outburst in 2008. To see the absorption
component clearly, a Gaussian is fitted to the right wing of the profile in red
color and the difference of the fit to actual spectra is plotted in green color.
Figure 4.8 shows the outflow velocity and associated error bar of expand-
ing wind from the blue-shifted absorption minima in the Hα profile. These
blue-shifted absorption components were present in the 2003 outburst also
and disappeared during the fading stage of the outburst (Ojha et al., 2006;
Fedele et al., 2007). Figure 4.9 shows the variation in equivalent width (Wλ

in Å) of Hα emission. The calculation of Wλ was very sensitive to the weak
continuum flux around λ6563 Å, and the error estimate for each data point
is ∼ ±3 Å. The Wλ of the 2008 outburst is in a similar range as that dur-
ing the first outburst in 2003. Since Hα emission comes from the innermost
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TABLE 4.3: Equivalent widths (in Å) of optical lines in
V1647 Ori

JD Hα Ca II λ8498 Ca II λ8542 Ca II λ8662 OI λ7773

2454724 -36.35 -8.601 -8.758 -8.125 2.483
2454725 -35.1 -8.686 -9.1 -7.678 1.754
2454743 -36.52 -12.97 -13.35 -12.19 1.491
2454744 -28.62 -10.75 -10.86 -10.12 2.407
2454755 -32.84 -7.61 -7.621 -7.819 1.839

†† Observed from IGO, all other nights are from HCT.

Note: Estimated error in equivalent widths of Hα lines is ∼ ±3 Å, error for
Ca II IR triplet lines is ∼ ±0.5 Åand the error for O I λ7773 lines is ∼ ±0.3

Å.

Note: This table is published in its entirety in the electronic edition of
Ninan et al., (2013b). A portion is shown here for guidance regarding its

form and content.

accretion-powered hot zone, we can expect its strength to be proportional
to the accretion rate. The optical photometric magnitude in the second out-
burst is similar to that of the first outburst, which implies that the contin-
uum flux is almost of the same value. Hence, from the fact that Wλ is of
similar value as in the first outburst, we can deduce that the accretion rate
is also of the same order in both outbursts during its “high plateau”stage.

4.3.2 Ca II IR triplet lines

The plots of equivalent widths of Ca II IR triplet lines (8498, 8542, and 8662
Å) are shown in Figure 4.10. We have much smaller error bars (±0.5Å) for
the Wλ due to the higher continuum flux in these wavelengths. The Ca II IR
triplet emission lines are seen to be in the ratio 1.07± 0.09:1.15± 0.1:1. This
nearly equal ratio is due to optically thick gas with the collision decay rates
larger than the effective radiative decay rates of upper states of Ca II lines.
Such an environment is typically seen in many T Tauri stars. Optical thick-
ness along with the non-detection of forbidden [Ca II ] lines above noise,
implies a number density of electrons of ≈ 1011 cm−3 (Hamann and Pers-
son, 1992). For comparison with Figure 8 of Hamann and Persson, (1992),
Figure 4.11 shows the scatter plot between the ratios of equivalent widths,
Wλ8498/Wλ8542 and Wλ8662/Wλ8542, of our data, as well as previously pub-
lished data from literature. The error bar in our new data (black squares) is
±0.1. From the position of the 2007 data point (red diamond) taken during
quiescent phase (Aspin, Beck, and Reipurth, 2008) in this scatter plot, As-
pin, Beck, and Reipurth, (2008) and Aspin et al., (2009) had concluded that
the optical density of the region emitting Ca II IR triplet lines changed sig-
nificantly between outburst and quiescent phases. But since there is only
one data point from quiescent phase and it is lying within the scatter of
points from the ongoing outburst, it might be difficult to conclude that the
change in ratios observed was actually due to V1647 Ori moving from qui-
escent phase to outburst phase. We could see a strong correlation between
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FIGURE 4.6: Spectral lines present in the spectrum of V1647
Ori are labeled above. To improve the signal-to-noise ratio,
the normalised spectrum was obtained by weighted averag-
ing of 33 HCT spectra taken over the outburst period 2008
September to 2013 March, each with an average exposure
time of 40 minutes. The spectra are not corrected for atmo-
spheric absorption lines. The absorption lines that are not
labeled are atmospheric lines. Hα and O I λ7773 line pro-

files are shown more clearly in insets.

FIGURE 4.7: Variations of Hα profiles during our four-
and-a-half-year observations. P Cygni profiles were more
prominent in the early part of the outburst in 2008. A Gaus-
sian is fitted to the right wing of the profile in red color, and
the difference of that Gaussian fit to actual spectra is plotted
in green color to see the absorption component clearly. Fig-
ure 4.7 with 70 other plots of remaining nights are available

in the electronic edition of Ninan et al., (2013b).
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FIGURE 4.8: Velocity of expanding wind from the blue
shifted absorption minima in the Hα P Cygni profile. The
filled circles are from HCT, and gray filled squares are from
IGO measurements. The error bar on the bottom right cor-
ner shows the typical ±39 kms−1 error estimated for data

points.

FIGURE 4.9: Variation in the equivalent width of Hα emis-
sion. The filled circles are from HCT, and filled gray squares
are from IGO measurements. Each data point has an error
bar of ∼ ±3Å. This error bar is shown at the right bottom

corner.
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FIGURE 4.10: Variation in equivalent widths of Ca II IR
triplet lines (8498, 8542, and 8662 Å) during the outburst
period 2008 September to 2013 March. All data points are
from HCT measurement, and each point has an error bar of
∼ ±0.5Å. This error bar is shown at the right bottom corner.
Due to limited spectral range in the IGO grism, Ca II triplet

lines were not observed from IGO.

the equivalent widths (Wλ) of Ca II IR triplet lines (see Figure 4.12). The
Pearson correlation coefficient (PCC) between both Wλ8662 and Wλ8498, and
Wλ8542 and Wλ8498 is 0.88 with a two-tailed p value� 0.0001. This implies
that the fluctuations in Wλ are not random statistical error. It could be due
to fluctuations of continuum flux around λ8500Å. Peak-to-peak fluctuation
ofWλ is∼ 5Å, which means that if the flux from these lines is assumed to be
constant, then the continuum flux has fluctuated by a factor of∼ 1.6, which
in terms of the log scale of magnitude is ∼ 0.5. This indeed matches with
peak-to-peak fluctuation in I band magnitude during the entire period. We
do not see any strong correlation between Wλ of the Hα line and Ca II IR
triplets. However, it should be noted that the error bars in Wλ of Hα are
much higher than those of Ca II IR lines due to low continuum flux around
λ6563Å.

In the 2008 October 29 spectrum, we could clearly detect the P Cygni
profile in Ca II IR triplet lines (Figure 4.13). The strengths of the absorption
trough of the three lines were in the same pattern as that of T Tauri star
WL 22 (Hamann and Persson, 1992), i.e., the pattern with strongest absorp-
tion in λ8542Å, then λ8662Å and very weak in λ8498Å. The ratio of Wλ

of the blue-shifted absorption between λ8542Å and λ8662Å is 0.76:0.45 =
1.69:1. This ratio is consistent within error bars with the 1.8:1 ratio of inten-
sity from atomic transition strength of these lines. Hence, unlike the region
producing emission lines, these absorption regions are optically thin. So by
using the optically thin assumption, we can estimate the column density of
Ca II by the formula (Spitzer, 1978):
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FIGURE 4.11: Ratio of Ca II IR triplet lines’ equivalent
widths, Wλ8498/Wλ8542 vs. Wλ8662/Wλ8542, of our data, as
well as previously published data from the literature. 2003
outburst points are shown as circles (Walter et al., 2004;
Ojha et al., 2006), 2008 outburst points are shown as squares
(Kun, 2008; Aspin et al., 2009; Aspin, 2011b, and This work),
and the 2007 quiescent phase point is shown as a diamond
(Aspin, Beck, and Reipurth, 2008). The typical error bar on

our new data (black squares) is ∼ ±0.1.

FIGURE 4.12: Strong correlation between the equivalent
widths of Ca II IR triplet lines. Typical error bar is given
at the right bottom corner. The Pearson correlation coeffi-
cient (PCC) between both Wλ8662 and Wλ8498, and Wλ8542

and Wλ8498 is 0.88 with a two-tailed p value� 0.0001.
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FIGURE 4.13: Spectrum of V1647 Ori taken on 2008 October
29 showing a clear P Cygni profile in Ca II IR triplet lines.
A similar but fainter profile was once more detected in 2008
December 30. None of the other nights’ spectra showed this
profile. For comparison, available nearby nights’ spectra

are also plotted.

NCaII = 1.1× 1020 × Å
λ

2
1
flu

Wλ

Å
cm−2 ,

where the oscillator strength flu for the lines 8542 and 8662 Å are 0.39355
and 0.21478 respectively, taken from Merle et al., (2011). Substituting the
Wλ, wavelength and oscillator strength for both lines, we get the column
density (NCaII ) as 2.9 × 1012 cm−2 and 3 × 1012 cm−2, respectively. This is
the column density of Ca II atoms in this small duration of outflow wind.
Assuming reasonable estimates of temperature T = 2600K (disc tempera-
ture estimated by Rettig et al., (2005)) and pressure P = 1 Pascal (typical
pressure in solar winds), the fraction of ionisation using Saha’s formula is
≈ 0.004. Hence, dividing by this fraction, we obtain the column density of
Ca atoms in the gas blob to be ≈ 7.5× 1014 cm−2. Assuming solar metallic-
ity, we obtained the column density of hydrogen (H) in the outflowing gas
blob as ≈ 3.4 × 1020 cm−2. From the Doppler shift of the absorption min-
ima, we also obtained a wind velocity of 313 ± 10 km s−1 (in the λ8542Å
line) and 303 ± 10 km s−1 (in the λ8662Å line). We also detected a faint P
Cygni profile in the λ8542Å line on 2008 December 30, with a blue shifted
velocity of 329± 10 km s−1. Apart from these two episodic events, none of
our other spectra show any detectable P Cygni profile. The episodic nature
of these two winds implies they are magnetic reconnection driven winds
rather than pressure driven steady winds.

Even though our medium-resolution spectra cannot be used to study
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FIGURE 4.14: Scatter plot of the ratio of the widths of 8498
and 8542 Å vs. equivalent width of the line 8542Å . Most of
the points lie below 1.0 in Y -axis. Box and whisker plot of
the distribution is also plotted on the right side. This shows
that the 8498Å line is slightly narrower than the 8542Å line.

line widths, since the Ca II IR triplets are near by, we could do relative com-
parison of the widths of the Ca II IR triplet lines, where width is taken to be
the FWHM of the Gaussian fit of the continuum normalised profile. Since
this quantity is the FWHM of the Gaussian profile that we get after the
convolution of instrument response on the actual line, it is not the FWHM
of the line. However, since the lines are very close and the instrumental
convolution is common, the wider line will give a wider FWHM after con-
volution. Figure 4.14 shows a scatter plot of the ratio of the widths of λ8498
Å and λ8542 Å versus the equivalent width of the line λ8542 Å. Most of the
points lie below 1.0 in the ratio axis. Using the ‘test statistic’ for mean with
34 data points, we could reject null hypothesis Ho: The mean of the ratio is
1, with 6σ confidence. This shows that the λ8498Å line is slightly narrower
than the λ8542Å line. A similar trend is seen in most of the T Tauri stars
(Hamann and Persson, 1992). Apart from showing this skewness, since our
spectra are of only medium resolution, we cannot quantify the narrowness
of the line. This narrowness of the optically thinner line λ8498Å could be
explained by either substantial opacity broadening in λ8542Å (since 1:9 is
the ratio of atomic line strength) or lower dispersion velocity in the inner
part of the region of Ca II IR emission (Hamann and Persson, 1992).

Our period search in the equivalent width (Wλ) of Ca II IR triplet lines
found six faint periodicities in all three lines in the range of 1–100 days with
∼2σ confidence level in amplitude. The possible periodicities and confi-
dence were estimated by the Lomb-Scargle periodogram along with Monte
Carlo simulation. The possible periods are 3.39, 8.09, 27.94, 30.8, 40.77, and
45.81 days. Since the amplitudes are only of 2σ confidence level, they can
be confirmed only with more observations. Figure set 4.15 shows the folded
data of the entire four-and-a-half-year observations and the statistical sig-
nificance of the amplitudes. The amplitude of the least-squares fitted cosine
function is ∼ 1. If this periodicity is due to change in the continuum flux,
the corresponding amplitude of magnitude change we expect in logarith-
matic I band magnitude is ∼ 0.1. This is not much above our error in mag-
nitude estimate, so the fact that we do not see similar periodicity in I band
magnitude does not rule out the cause of change in Wλ as change in contin-
uum flux. We also do not see any corresponding significant periodicity in
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FIGURE 4.15: Folded phase plot of the Wλ of Ca II IR triplet
lines λ8498, λ8542, and λ8662 (in Å), and I band magnitude.
The folding is done over the entire four and a half years of
data. The red, black, green, pink, and blue circles corre-
spond to data of 2008, 2009, 2010, 2011, and 2012 winter ob-
servations, respectively. The amplitudes (in Å) of the three
lines in each folded plot are as follows. For a period of 3.39
days:- 1.26 ± 0.69, 1.22 ± 0.75, 1.03 ± 0.67; for a period of
8.09 days:- 1.13 ± 0.70, 1.33 ± 0.71, 1.17 ± 0.65; for a period
of 27.94 days:- 1.13 ± 0.72, 1.11 ± 0.79, 1.14 ± 0.67; for a pe-
riod of 30.8 days:- 1.26 ± 0.61, 1.25 ± 0.63, 0.98 ± 0.58; for
a period of 40.77 days:- 1.26 ± 0.65, 1.42 ± 0.58, 1.18 ± 0.59;
for a period of 45.81 days:- 0.95 ± 0.76, 1.29 ± 0.74, 1.10 ±
0.68. Figures 4.15.2 - 4.15.6 are available in the electronic edition

of Ninan et al., (2013b).

Wλ of Hα.
Aspin, Beck, and Reipurth, (2008) took the spectrum of V1647 Ori dur-

ing the quiescent phase in 2007 February. The Wλ of both Ca II IR triplet
lines and Hα were ∼ 3.3 times the present value. Aspin and Reipurth,
(2009) had used the ratio of Wλ of Hα between the 2003 outburst and qui-
escent phase to estimate change in accretion rate. Similarly, since the con-
tinuum flux changed by a factor of ∼ 40 between the quiescent and 2008
outburst phase, we can estimate that the change in the line flux of both sets
of lines is by a factor of ∼ 10. This agrees with the change in accretion rate.
Thus, the origin of Ca II IR triplet lines is directly connected to the accretion
rate just like Hα. This is in agreement with the finding of tight correlation
between Ca II IR line flux and accretion rate in T Tauri stars by Muzerolle,
Hartmann, and Calvet, (1998), which suggests that the origin of these lines
is in the magnetospheric infall zone. The similar value of Wλ of Ca II IR
lines with that of 2003 also strengthens the claim that the accretion rate on
to the star from the inner disc was the same during both outbursts.
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FIGURE 4.16: Correlation between equivalent width of Hα
and O I λ7773Å. Typical error bar is given at the right bot-
tom corner. PCC is 0.54 with a two-tailed p value of 0.001.
The weak anti-correlation could be due to a positive corre-
lation between the Hα and red shifted emission component
that is filling the absorption component in the O I λ7773Å
profile. Bootstrap analysis gave a 95% confidence range of

PCC of [0.29, 0.72].

4.3.3 Oxygen lines

The most prominent oxygen line is O I 7773 Å in absorption; however, weak
O I 8446 Å line is also detected in emission. We should be careful in inter-
preting the Wλ of the O I λ7773 Å absorption line because the profile shape
of the line seems to be a combination of the red shifted emission compo-
nent and more stronger blue shifted absorption component (see Figure 4.6).
A weak anti-correlation is seen between Hα and O I λ7773Å (see Figure
4.16). Correlation had PCC = 0.54, with a two tailed p value of 0.001. This
anti-correlation in Wλ of O I 7773 Å and Hα could be due to positive corre-
lation between emission component of O I λ7773Å filling in the absorption
dip and Hα. Since O I λ7773Å cannot be formed in the photosphere of cool
stars, the absorption component is due to warm gas in the envelope or hot
photosphere above the disc, while the emission component might be due to
the hot gas region from which Hα is also being emitted. Ojha et al., (2006)
reported a decreasing trend in the Wλ of O I λ7773Å from the beginning
until the end of the 2003 outburst, which was interpreted to be a possible
decrease in turbulence in the outer envelope during the outburst period.
We do not see such a trend in the 2008 outburst, but the values of Wλ in the
2008 outburst remain the same as that during the second half of the 2003
outburst. A slight decrease of Wλ in the later part of the 2003 outburst ob-
served on 2005 September 8, as reported by Ojha et al., (2006), in contrast
to the increase of Wλ of other lines, could be due to an increase in the Wλ of
the O I λ7773Å emission component.

4.3.4 Forbidden lines

We detected [O I ] (6300Å) and [Fe II ] (7155Å) forbidden line emissions
in V1647 Ori’s spectra. The presence of [O I ] λ6300Å and [Fe II ] λ7155Å
implies shock regions probably originating from jets. This combined with
non-detection of the [S II ] (6731Å) line above our noise level, implies that
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the shock region has temperature T ≈ 9000 − 11000K and electron num-
ber density ≈ 105 − 106 cm−3 (Hamann, 1994). We see significant varia-
tions in the strengths of the forbidden lines [O I ] and [Fe II ]; however, the
lines are too faint in our individual spectra to quantify statistically. Dur-
ing the fading stage of the 2003 outburst in 2006 January, when the bright
continuum flux decreased, Fedele et al., (2007) were also able to detect var-
ious strong forbidden line emissions, namely [O I ] λλ6300Å, 6363Å, [S II ]
λλ6717Å, 6731Å and [Fe II ] λ7172Å.

4.4 Summary

In this chapter, we have presented the results from our four and a half years
of continuous monitoring of V1647 Ori in its second outburst phase starting
from 2008. Following are the key results of this chapter.

1. V1647 Ori is still in outburst “plateau” stage, at similar magnitude to
the 2003 outburst in optical and NIR bands. It is undergoing a slow
dimming at a rate of 0.04 mag yr−1, which is six times slower than
the rate during the 2003 outburst. The magnitude shows significant
short-timescale (∼1 day) variations.

2. Morphological studies on illumination of the nebula show a consis-
tent change in the circumstellar gas distribution between 2008, 2003,
and 1966 outbursts.

3. P Cygni profiles in Hα emission lines show outflowing wind veloc-
ities of ∼350 km s−1. Apart from the continuous wind we also de-
tected short-duration episodic winds driven by magnetic reconnec-
tion events twice, with H column density ≈ 3.4 × 1020 cm−2 from
P Cygni profiles in Ca II IR triplet lines in 2008 October and Decem-
ber. From Ca II IR triplet and Hα line strengths, the accretion rate was
found to be the same as that during the 2003 outburst and is∼10 times
more than the quiescent phase.

4. We could not detect the 56 day periodicity seen in the 2003 outburst.

5. Detection of the forbidden [O I ] λ6300 and [Fe II ] λ7155 lines implies
shock regions of T ≈ 9000−11000K and ne ≈ 105−106 cm−3, probably
originating from jets.
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Chapter 5

Constraints on Outburst
Mechanisms

In this chapter I outline the implications and constraints we obtain on the
physical mechanism behind the outburst phenomenon. By analysing the
time scales, as well as the evolution in spectral lines at various phases of
V1647 Ori and V899 Mon, we could rule out certain theoretical models and
propose possible scenarios. The results presented in this chapter are pub-
lished in Ninan et al., (2013b) and Ninan et al., (2015).

5.1 Theoretical models

Theoretical models that are available in the literature for explaining FUor/EXor
outbursts can be broadly classified into three types. The first kind of model
is purely a thermal instability model, initially proposed for dwarf nova sys-
tems and was later adapted for the FUors kind of outbursts (Bell and Lin,
1994). The second kind of model involves a binary companion or planet,
which perturbs the disc, causing repeated sudden high-accretion events
(Bonnell and Bastien, 1992; Lodato and Clarke, 2004). The third kind in-
volves mainly gravitational instability (GI) triggering magnetorotational in-
stability (MRI) (Zhu et al., 2009, and references therein). The Bell and Lin,
(1994) model (hereafter BL94) is a purely thermal instability model. The
cyclic behaviour in all the instability models (thermal instability or MRI)
can be explained by the equilibrium S curve in the disc surface density ver-
sus temperature plane (see Figure 5.1).

In BL94, the thermal instability (or MRI in MRI based models) is trig-
gered when the surface density at a region in the disc rises above a criti-
cal density (corresponding to a critical temperature). The critical temper-
ature in the thermal instability model is the temperature at which hydro-
gen ionises. As hydrogen ionises, the sudden increase in opacity due to
free electrons will reduce the radiation escaping from the disc, pushing the
equilibrium temperature to very high values. This is represented by the up
arrow (A→ B) in the Figure 5.1. In case of MRI models, the critical temper-
ature is the temperature at which MRI instability kicks in. This is typically
taken to be the temperature of dust sublimation in Zhu et al., (2009). Due
to the high effective viscosity, as a result of the eddies in instability, the disc
will drain faster and it will go back to the quiescent phase when the surface
density drops below another critical density (C→ D in Figure 5.1).
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FIGURE 5.1: The equilibrium S curve in the disc surface
density (Σ) versus temperature (Td) plane of an accretion
disc obtained by balancing the energy released in the disc

with the energy radiated out.

5.2 Time scales of an outburst

The viscous time scales determine duration of outbursts (B→ C) and qui-
escent phase (D → A). The inner region at a radius r during outburst will
deplete below the critical surface density in viscous time scale τvisc = r2/ν.
Based on α prescription of viscosity, ν = αcsH , where cs is the isothermal
sound speed, H ≈ cs/Ω is the disc thickness, Ω is orbital angular velocity at
radius r, and α (< 1) is a dimensionless parameter (see Figure 5.2). Substi-
tuting, we get the relation :
τvisc = r2Ω

αc2s
= 1

αΩ( rH )2.

5.2.1 Case study with V1647 Ori

Let vR ≈ r/τvisc ≈ ν/r be the effective inward radial velocity component
of gas in the inner accretion disc. Then the mass infall rate at radius R is
Ṁ = −2πRΣvR, where Σ is the surface density of the disc at that radius.
Substituting vR, ν, and H in the above equation of Ṁ , we get
Ṁ ≈ 2πΣαc2

s/Ω.
The timescale of transition between outburst and quiescent phases is much
smaller than the viscous timescale. Hence, Σ will remain constant, and Ω
will also remain constant at a given R, which leaves only the term αc2

s to ex-
plain the change by a factor of ∼10 in inner disc accretion rate to V1647 Ori
between the outburst and quiescent phases. Since the square of isothermal
speed of sound c2

s = RgT/µ (where Rg is the gas constant, T is tempera-
ture, and µ is mean molecular weight), the temperature change by a factor
of 10 between the phases at the trigger of thermal instability (Zhu et al.,
(2009), Appendix B, their Figure 14) alone will cause a net change in accre-
tion rate by a factor of 10. Hence, at least in the inner region of the disc, α
can change only by a multiplicative factor of order 1 to remain consistent
with the observed change in accretion rate.

In BL94, assuming the mass infall rate to the inner disc region Ṁin =
constant, the α determines the timescales and the ratio αoutburst/αquiescent is
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FIGURE 5.2: Cross section of an α disc. R is the radial dis-
tance from the star, and H is the thickness of the disc, which
flares up as the radius R increases. Rlimit is the radius up to
which the outburst extends. We are looking into the system
at ∼ 60◦ along the dashed line drawn in the figure. In the
α disc model, the viscosity is due to large turbulent eddies.
The speed of eddies is upper bounded by the velocity of
sound (cs) because any supersonic flow will get dissipated
by shock. The size of eddies is also upper bounded by the
thickness (H) of the disc. Thus, taking α to be a free param-
eter < 1, we get the viscosity in the disc as ν = αcsH . The

orbital velocity is taken to be Keplerian in our problem.

FIGURE 5.3: Optical light-curve history of V1647 Ori. The
duration of each outburst and quiescent period is marked
in units of months. The X-axis of the image is not drawn to

scale.

proportional to the ratio of time in quiescent phase to time in outburst phase
(BL94; Table 2). Figure 5.3 shows the schematic of the light curve of V1647
Ori in optical band that we know till now. The photometric magnitudes
and overall SED during the quiescent phase in 2007 match with pre-2003
outburst data (Aspin, Beck, and Reipurth, 2008). The drop in accretion rate
during quiescence with respect to the outburst phase was by a factor of 101.

Let αo1, αo2, and αo3 represent the three outburst phase α values and
αq1 and αq2 represent the two quiescent phase α values. If we assume Ṁin=
constant in BL94, from the ratio of periods, we get the following relations:
αo1 = (22–89)kαq1, αo2 = 21kαq1, αo3 < 9kαq1, and αo3 < 0.6kαq2, where k

1Even though accretion rate had fallen by a factor of 10 during quiescent phase, it was
still of the order of 10−6 M�yr−1. Based on this, Aspin et al., (2009) had suggested that
the 2003 outburst might not have actually terminated in 2006. Since we do not have a good
estimate of the pre-outburst accretion rate, we shall consider this sudden drop in accretion
rate by a factor of 10 as a drop from outburst state to quiescent phase in outburst models.
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is just the proportionality constant corresponding to the constant Ṁin.
We also get αo2 = (0.23–0.95)αo1, αo3 < 0.4αo2, and αq2 = 15αq1.
This is a very huge variation in α parameter. However, our accretion es-
timates, during the 2003 as well as 2008 outbursts, show that the accretion
rate of matter onto the star from the inner disc was quite stable at∼10 times
the rate in quiescent phase. Thus, the α parameter should not be varying as
much as we estimated; especially the relation αo3 < k0.6αq2 is impossible
from the fact that viscosity has to be more in outburst phase than quies-
cent phase. These unrealistic α values we obtained are what we should
have expected from the following simple physical argument. Since the ef-
fective viscosity of the disk is lower during the quiescent phase than the
outburst phase, the surface density increases more slowly during the qui-
escence than the rate at which it drained during the last outburst phase.
When the first outburst stopped, if the disk density had drained below the
critical density, then it has to spend more time in the subsequent quiescent
phase to replenish the disk before undergoing a second outburst.

One way to save the instability model is to consider the possibility that
the assumption Ṁin= constant in BL94 is not true. An increase in Ṁin can
decrease the draining rate of the inner disc and can account for a longer
duration of the outburst period. It can also explain the six times slower rate
of dimming in the magnitude of the V1647 Ori during its plateau stage in
the present outburst compared to the 2003 outburst.

By letting Ṁin be a variable and substituting Rlimit to be the radius up
to which instability extends, to constrain parameters, we compared the vis-
cous timescale
τvisc = R2

limit/ν ≈ R
2
limitΩ/αc

2
s

between the 2003 and 2008 outbursts. The instability triggering tempera-
ture at the boundary has to be the same for both outbursts, so the speed of
sound cs will be the same. Parameter α can also be taken to be the same
during both outbursts based on our previous conclusion. Now the only
free variable parameter that determines the timescale is Rlimit. Substituting
Keplerian Ω ∝ R−

3
2 , we finally obtain the relation for the viscous timescale

in terms of Rlimit to be τvisc ∝ R
1
2

limit.
BL94 gives the radius up to which instability extends to

Rlimit = 20R�( Ṁin
3×10−6M�yr−1 )

1
3
( M∗M�

)
1
3 ( Teff

2000)
− 4

3 ∝ Ṁ
1
3

in

Substituting this proportionality, we get τvisc ∝ Ṁ
1
6

in.
Thus, the ratios of mass infall rate from outer to inner disc during each
outburst are related to the duration of outburst by the relation
Ṁin2008
Ṁin2003

> (90
21)

6 ≈ 6000.

Thus, the infall of gas from outer to inner disc during the 2008 outburst is
at least 6000 times (three orders) more than that during the 2003 outburst.

The model presented by Zhu, Hartmann, and Gammie, (2010) includes
an MRI instability contribution to viscosity parameter if the temperature
of the disc goes above the MRI triggering temperature (TM ) and also in-
cludes an effective viscosity contribution from GI beyond the radius given
by Toomre’s instability parameter Q. The relation between Rlimit and Ṁ in
this model is Rlimit ∝ Ṁ

2
9 .

Thus, τvisc ∝ Ṁ
1
9

in, and hence Ṁin2008
Ṁin2003

> (90
21)

9 ≈ 480000.
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Therefore, the infall of gas from outer to inner disc during the 2008 out-
burst is at least 480000 times (five orders) more than that during the 2003
outburst. This estimate is two orders more than BL94. It should be kept
in mind that the viscosity timescale gives only an order-of-magnitude es-
timate of the duration of outburst. For a comparison of actual simulated
duration of outburst and viscous timescale see Table 1 in Zhu, Hartmann,
and Gammie, (2010). If the present outburst continues for a larger period,
Ṁin2008
Ṁin2003

will further increase.

Such a large order of magnitude change in the Ṁin is impossible in a
smooth viscous disc. The only way to explain the large ratio of Ṁin, is that
there was a dip in mass inflow to near zero in 2003. The change in inflow
of material from outer to inner disc could be due to many possibilities like
MRI, GI, or planet perturbation2. For example, a gap in the disc could have
resulted in the sudden ending of the 2003 outburst. This gap or low-density
region has to be near the typicalRlimit predicted by each model, i.e.,∼1 AU.

In our 2013 paper (Ninan et al., 2013b), we estimated the change in pho-
tometric magnitudes between 2003 and 2008 outburst phase due to pre-
dicted change in radius Rlimit, we modelled a disc with temperature pro-
file given by outburst accretion rate inside Rlimit and quiescent accretion
rate outside Rlimit. The magnitude variations in optical I and NIR J bands
were found to be less than 1 mag for variation of Rlimit by a factor of six3.
Mosoni et al., (2013) reported an increase in visibility of the resolved inter-
ferometric study of V1647 Ori using VLTI/MIDI observations in the 8–13
µm range during the early stage of fading in the 2003 outburst (between
2005 March and 2005 September). Apart from the possible scenarios dis-
cussed by Mosoni et al., (2013), it could also be explained by the relative
increase in contribution in total flux from the extended outburst disc when
the central star’s accretion slowed down. A similar VLTI/MIDI visibility
study of the ongoing 2008 outburst will give more input to constrain Rlimit
and outburst models.

The scenario is very similar in V899 Mon. The quiescent period was only
less than a year in case of V899 Mon, and, just like in the case of V1647 Ori,
it cannot have replenished its disc to fuel the ongoing long second outburst.

5.2.2 Rise times in V1647 Ori and V899 Mon

The rise times of an outburst is determined by the speed at which the in-
stability spreads over the inner disc. Typically, if the instability is triggered
from an outside annulus, the increased inflow of gas from that annulus to
the inner annulus will quickly trigger instability inside as well. As a result
the instability will propagate faster towards the inside. In the case of V1647
Ori, the rise times in both the outbursts were similar and fast. This can be
explained by an outside-in triggering of the instability from outer radius
(Bell and Lin, 1994). In the case of V899 Mon, the average rate of change
in magnitude during the onset of first outburst was 0.038 mag month−1 ;
on the other hand, during the onset of second outburst it was faster than

2The smooth surface density assumptions of the disc were anyway in doubt since the
clump in the disc at 0.27 AU disappeared in our second outburst observations.

3This factor has now become 18 by April 2016
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0.15 mag month−1 . This difference implies that the timescales of the mech-
anisms that triggered the first and second outbursts are different.

5.3 Cause of break in the first outburst

The break in the first outburst we have seen in V1647 Ori, as well as in V899
Mon is not a rare case. V582 Aur (FUor source) also showed multiple, very
brief quiescences during the ongoing outburst (Semkov et al., 2013). As we
have seen in the previous section calculations, this cannot be explained by
purely thermal instability models. In order to explain these short-duration
breaks in outbursts, we need to look for mechanisms during an outburst
that can pause the accretion for a short duration before the disk gets criti-
cally drained. In such scenarios, the outburst can re-initiate as soon as the
mechanism that was pausing the accretion disappears.

Before V899 Mon transitioned to the quiescent phase, its spectroscopic
observations showed an increase in the outflow activity (Section 3.4). Later
the strong P Cygni profiles of outflow suddenly vanished as the object en-
tered the quiescent phase. Since outflows are believed to be driven by mag-
netic fields, it is possible that some magnetic-field-related mechanism is
responsible for abruptly pausing the accretion during the active outburst
phase. Spectral line fluxes that are proportional to accretion, as well as the
continuum flux of V899 Mon, increased suddenly during this short dura-
tion before the quiescence. In the final optical spectrum taken before the
source transitioned from its first outburst phase to quiescent phase, we de-
tected a sudden increase in equivalent width of the OI λ7773 absorption
line (an indicator of turbulence). They are indicative of highly turbulent
activity around the V899 Mon source just before it transitioned to quiescent
phase. Even in the case of V1647 Ori, our observations detected a variety of
episodic events like sudden short-duration winds with hydrogen column
density ≈ 3.4 × 1020 cm−2, fluctuations in Hα flux, etc. The variations in
Hα flux could have their origin in some magnetic phenomena in the accre-
tion funnel. However, unlike V899 Mon, we do not have any spectroscopic
observation of V1647 Ori during its ending phase of the first outburst.

Accretion in low-mass YSOs is generally accepted to be via magneto-
spheric accretion funnels from disk to star. A large rate of accretion can
provide a negative feedback in many ways. There are various semianalytic
and numerical simulation studies in the literature on instabilities that can
break and restart magnetospheric accretion (Kulkarni and Romanova, 2008;
Orlando et al., 2011; Blinova, Romanova, and Lovelace, 2015). For instance,
the accretion can stop if the inner truncation radius of the disk moves out-
side the co-rotation radius (D’Angelo and Spruit, 2010). In another scenario,
the differential rotation between the inner accretion disk and the star can
lead to inflation of the funnel, resulting in field lines opening and recon-
necting, reducing accretion flow while enhancing outflow (Bouvier et al.,
2003). These kinds of breaking mechanisms have the extra advantage that
they can easily explain how a second outburst can restart without having
to replenish the depleted disk within the short quiescent phase. Some other
FUor sources like FU Ori, V1515 Cyg, and V2493 Cyg also show a short-
duration dip in their light curves after they attained the initial peak of their
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outburst. All of them seem to indicate a complex negative feedback loop in
magnetospheric accretion.

It is interesting to note that both V899 Mon and V1647 Ori spent a shorter
duration in the first outburst compared to their ongoing second outbursts.
The reason for the second outburst being more stable than the first outburst
could be because of the change in the inner disk’s physical parameters by
the heating or the draining of the disk during the first outburst (such as
the extent of the interaction region between magnetosphere and inner disk,
their coupling, inner radius of the disk, etc.). In the case of V1647 Ori,
from the stability in the phase of the X-ray accretion spot, Hamaguchi et
al., (2012) had shown that the location of the spot of the accretion column
shock on the star did not change significantly between the first and sec-
ond outbursts. Hence, if the quiescent phase of V1647 Ori was also due to
disruption in magnetic funnel accretion, at least the base of the magnetic
funnel on the star surface was not completely disrupted.

5.4 Summary

In this chapter, we did a detailed timescale analysis of various instability
models to explain the timescales we observed in V899 Mon and V1647 Ori.
Even though we do not have a direct observational evidence to support
increased magnetic activity, the outflow and turbulence signatures in the
spectrum and continuum flux are consistent with instability in the magnetic
accretion funnel, and the timescales are strongly inconsistent with any other
instability models that depend on critical disk surface densities to switch
the outburst on and off.
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Chapter 6

Constraints on Outflow
Mechanims

Outflows from young stellar objects are the most efficient way to take away
the angular momentum from the star-disc system and prevent the star from
spinning up while it undergoes accretion from the disc. If we assume the
angular momentum removed by the outflow to be equal to the angular mo-
mentum transferred from the accretion, one can obtain a linear relation be-
tween the outflow rate and the accretion rate (Konigl and Pudritz, 2000).
Hence, almost all theoretical models predict the outflows to be proportional
to the accretion rate (they are also consistent with the observationally esti-
mated proportionality factor ∼0.1).

EXor and FUor outbursts occur for a short duration (few years to decades)
and many of them have associated outflows detected. Hence, they provide
a unique laboratory to monitor the simultaneous evolution of the outflow
with respect to the accretion rate. The rich optical spectrum of these sources
enables us to estimate the accretion rate from the flux of a certain set of
emission lines, and the outflows originating in the innermost region of the
accretion disc via P-Cygni line profiles. Previously, among other young
eruptive stars, a reduction in the P-Cygni outflow absorption has been seen
in V2492 Cyg when the source dimmed for a very short duration in 2010
(Aspin, 2011b). However, variable extinction plays a major role in the light
curve of this source (Hillenbrand et al., 2013). Hence, the correlation be-
tween the outflow and the accretion is difficult to conclude. Small scale
variations in the outflow strength and velocity were also reported in V2493
Cyg during its rise to outburst phase by Lee et al., (2015).

Our first discovery of episodic short duration winds was in V1647 Ori
(see 4.13 in Chapter 4). It had a time scale of a few days, and for a system
at 61◦ inclination angle, this implied they are magnetic reconnection driven
winds rather than pressure driven steady winds.

In the family of young eruptive stars, V899 Mon showed the most dy-
namic changes in outflow with respect to accretion when the source transi-
tioned from its first outburst in 2010 to a short one year quiescence in 2011
and then back to its ongoing second outburst in 2012 (see Chapter 3). Apart
from the detection of the complete disappearance of outflow P-Cygni pro-
files for a long duration when the accretion rate dropped to the quiescent
level, we could also detect significant short timescale decoupling between
the outflow wind strengths and the accretion rates. Non-correlated variabil-
ity between accretion and wind indicators is also seen in Class I protostars
(Connelley and Greene, 2014). Overall, there seems to be a complex rela-
tionship between accretion and the wind in short time and length scales.
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To study the outflow mechanism in V899 Mon, we decided to do a
multi-epoch high resolution study of the outflows from V899 Mon (see
Chapter 2). In this Chapter, we report the evolution in the line profiles,
and the outflow components. We will compare and discuss various pos-
sible theoretical outflow mechanisms which could explain the observed
episodic outflow events. And finally, we will conclude in the end with the
most-likely scenario of magnetic pressure driven polar stellar winds. These
direct multi-epoch observations of young eruptive stars provide measure-
ments which can be directly compared with the theoretical magnetohydro-
dynamic (MHD) simulations of the magnetospheric accretion and outflows.
The results presented in this chapter are published in Ninan, Ojha, and
Philip, (2016).

6.1 Outflow Evolution

6.1.1 Forbidden Lines

Figure 6.1 shows the change in the profile structure of the forbidden lines
[O I ] λ6300, λ6363 and [Fe II ] λ7155. The blue-shifted high velocity (∼ -475
km s−1) components of these three line profiles have similar velocity struc-
ture and are believed to be formed from shocks in the jet, away from the
central star. Over a timescale of one year, between 2014 December and 2015
December, we could detect a drop in the medium velocity plateau compo-
nent with respect to the maximum velocity component in [O I ] λ6300. We
do not see any significant short timescale variation between 2015 Decem-
ber 15, 19 and 2016 February 20 spectra. A hydromagnetic jet collimated
by the toroidal magnetic fields does not spread sideways as fast as an or-
dinary hydrodynamic jet when it encounters a jet shock (Konigl and Pu-
dritz, 2000). Thus the evolution of the relative column density of various
projected velocity components (obtained from these blue-shifted forbidden
line profiles), in principle, contain information to differentiate between the
type of jets. However, such an analysis is beyond the scope of this thesis.
We shall use only the maximum velocity from these shock lines to infer the
inclination angle and the terminal velocity in Section 6.2.

6.1.2 Hα, Hβ & Ca II IR triplet lines

Figure 6.2 shows the evolution in the blue-shifted absorption due to the out-
flow in Hα line profile between 2014 December, 2015 December and 2016
February. The very high velocity component (extending up to -722 km s−1)
in Hα present during 2014 December disappeared in both the 2015 Decem-
ber spectra. 2016 February 20 profile shows re-emergence of a high velocity
component in outflow extending up to -550 km s−1. Figure 6.3 shows this
high velocity component in the Hβ profile plotted over the Hα profile. If the
high velocity clump was optically thin, the ratio of the equivalent widths
would have been equal to the ratio of the oscillator strength (0.6407 for Hα
and 0.1193 for Hβ) times line wavelength. However, the Hβ profile has
same equivalent width as Hα, hence the high velocity clump is optically
thick. The shallower depth of this high velocity outflow absorption with
respect to the lower velocity absorption implies the high velocity winds are
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FIGURE 6.1: Evolution between 2014 December and 2015
December of the forbidden line profiles originating in the
shock from V899 Mon. The high velocity components in
the shock extend up to ∼ -475 km s−1. The profiles do not
show any significant variation between 2015 December and

2016 February, hence they are not plotted here.

hotter at optical depth τ ∼ 2/3. Hence, its density and/or temperature are
different from the low velocity outflow components.

We did not detect any significant change in the outflow structure in a
timescale of 4 days between 2015 December 15 and 19. Even though we
could not resolve the detailed structures, very high velocity episodic out-
flow components have also been previously detected at various epochs (es-
pecially at the end of the first outburst) in our medium resolution spectra
(Chapter 3). We used our new medium resolution spectra of the second
outburst to obtain the typical timescales of the variation in outflow. Fig-
ure 6.4 shows the large variation in outflow velocity component detected
in all of our medium resolution spectra. The velocity plotted in Figure
6.4(b) (upper panel) corresponds to 95% drop in the blue-shifted absorp-
tion profile from the continuum level during the second outburst. It shows
significant velocity variations in timescales as short as a few days. Hence,
the large variation we detected in the high resolution spectra was the norm
during the ongoing second outburst. As far as we know, such high velocity
changes have never been reported in this family of heavily disc accreting
young objects. The bottom panel of Figure 6.4(b) shows a scatter plot of the
rate of change in the outflow velocity versus the change in the outflow ve-
locity. This scatter plot distribution, which contains information regarding
both the magnitude as well as the rate of change in the outflow velocity,
could be used to quantitatively match a similar scatter plot distribution of
the outflow velocity fluctuations in MHD simulations.

Outflow signatures are also seen in the high resolution P-Cygni pro-
files of Ca II IR triplet lines (Figure 6.5). These absorption components are
optically thin; interestingly, they did not show any high velocity wind com-
ponent which was seen in the Hα profile during 2014 December or 2016
February. The Ca II IR triplet line λ8498 is least affected by the blue-shifted
absorption from outflow. Hence, we did the line bisector analysis on the
emission line profile of λ8498. Figure 6.6 shows the line bisectors obtained
at various epochs. Since the Ca II IR triplet emission lines of V899 Mon are
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FIGURE 6.4: Outflow evolution traced in our medium res-
olution spectra from 2009 to 2016 of the Hα line profile. (a)
The three epochs of HRS observations are marked in the
map. The color scale is in log scale. The variation in the ex-
tent of blue-shifted absorption shows the variation in peak
velocity of the outflow at each epoch. The vertical dashed
line is the center wavelength of the Hα line. (b) The time
evolution in the outflow velocity at 95% drop from the con-
tinuum in absorption profile from the spectra taken during
the ongoing second outburst. The numbers marked at each
point show the number of days passed to the previous ob-
servational data. The plot at the bottom shows the scatter
plot between the floor rate of change in the outflow velocity
(obtained by dividing velocity change with the number of
days between the consecutive observations) with respect to
the change in the outflow velocity. This distribution repre-
sents both the magnitude and the timescales of the fluctua-

tions in velocity.
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FIGURE 6.5: Outflow evolution between 2014 December,
2015 December and 2016 February traced by Ca II IR triplet
P-Cygni absorption line profiles of V899 Mon. We do not
see any significant variation in these optically thin absorp-

tion profiles.

optically thick, the line center becomes optically thick at an outer radius
region than the line wings, which become optically thick in a region more
deeper and closer to the central source. The fitted line bisector shows a clear
increasing blue-shift in the velocity of the gas from the regions closer to the
central source. There is a significant difference between 2014 December and
2015 December spectra. This could be due to a combined effect of change
in optical depth and/or velocity change.

6.2 Possible Outflow Mechanisms

Figure 6.7 shows the various outflow mechanisms which could operate
in a young stellar object undergoing accretion from the disc via magne-
tospheric accretion. Disc winds are driven by magneto-centrifugal forces
along poloidal magnetic field lines if they are tilted by more than 30o by
the Blandford & Payne mechanism (Blandford and Payne, 1982). Centrifu-
gally driven X-winds can arise from the inner disc region if the inner disc
truncation happens at the co-rotation radius of the magnetosphere (Shu et
al., 1994). Magnetic pressure driven conical winds can also arise from the
inner disc-magnetosphere boundary irrespective of the truncation radius
(Romanova et al., 2009; Lii, Romanova, and Lovelace, 2012). Along the po-
lar direction, one can have radiatively driven stellar winds, as well as mag-
netic pressure driven winds, like in the case of Poynting jet in propeller
regime (Lovelace et al., 2002; Ustyugova et al., 2006) when the magneto-
sphere is rotating fast enough. All the above mentioned outflow mecha-
nisms have their own characteristic velocity, outflow angle, as well as sta-
bility timescale. In this section we shall analyze each mechanism in the light
of the episodic outflow velocity changes seen in V899 Mon.

Since the estimated mass of V899 Mon is in the range of 1.5 – 3.7 M�
(Chapter 3), it lies outside the upper boundary of low mass stars. Whether
there is enough magnetic field strength to have a magnetospheric accretion
for these mass ranges is a debated topic in literature. Even though V899
Mon seems to have a higher mass than typical low mass T-Tauri stars, op-
tical and near-infrared spectra as well as radio continuum flux indicate it
to be a low mass star rather than typical high mass stars like Herbig Ae
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FIGURE 6.6: Evolution in the line bisector of the optically
thick Ca II IR triplet λ8498 emission line. This line is least
affected by the absorption from outflow. Each of the color
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emission line, the y-axis corresponds to the normalized flux
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sis due to the large uncertainties in the bisector values.

FIGURE 6.7: Schematic diagram of various outflow mecha-
nisms which could be present in V899 Mon (see the text).
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(Chapter 3). This factor, along with its relatively low mass accretion rate
compared to FUor (the rate is about the same order as of V1647 Ori, which
is known to have a magnetospheric accretion) makes magnetospheric ac-
cretion a reasonable scenario for V899 Mon.

The inclination angle of the source is crucial to estimate the contribu-
tion of each type of outflow on the final P-Cygni profile seen in Hα and
Ca II IR triplet lines. V899 Mon is most-likely to be at a very low inclina-
tion angle and is seen almost face-on for the following reasons. The optical
extinction (AV ∼ 2.6 mag) to the source is very small compared to what
could be expected from its mid-infrared and far-infrared fluxes, and this
could be the case if we are viewing V899 Mon through the low density out-
flow cavity (Chapter 3). Since the cavity opening angles can be quite large,
the constraint on inclination angle is quite wide. The maximum velocity in
the blue-shifted high velocity component of the forbidden lines (Figure 6.1)
originating in the jet shocks has been shown to correlate with the inclination
angle by Appenzeller and Bertout, (2013). The large velocity ∼ -475 km s−1

seen in V899 Mon would thus imply a very low inclination angle according
to Figure 3 in Appenzeller and Bertout, (2013). It should be noted that V899
Mon’s velocity falls outside the region of their correlation plot by ∼ 100 km
s−1. However, the velocity seen in V899 Mon is still within the velocities
expected from T-Tauri stars. Hence, it is likely to obey the same correlation,
and we could constrain the inclination angle to be low for V899 Mon. The
near symmetric profiles of Hα and Ca II IR triplet lines during the quiescent
period in 2011 of V899 Mon are also consistent with the low inclination an-
gle line profiles modeled by Kurosawa and Romanova, (2012). Finally, the
Hα P-Cygni profile shape in the ongoing outburst phase in 2015 December
15 and 19 is very similar to a pre-FUor, V1331 Cyg, which is known to be at
a very low inclination angle. Hence, the most consistent picture is obtained
when the inclination angle to V899 Mon is taken to be small (∼10o).

Disc winds, X-winds and Conical winds can result in blue-shifted ab-
sorption only when they occult our line of sight to the central magneto-
sphere. They can be in the line of sight when the inclination angle is larger
than the opening angle of these winds (&30o) (Kurosawa and Romanova,
2012). If the inclination angle of V899 Mon is small, these winds cannot
produce the absorption component in P-Cygni profiles. However, in prin-
ciple, one can still obtain a P-Cygni profile from these high inclination angle
winds, if the disc’s continuum radiation is much larger than that of the cen-
tral star. The typical ratio between the disc continuum and central star flux
required for this is about a factor of 100 (as shown by Tambovtseva, Grinin,
and Weigelt, (2014)). The change in the net flux from V899 Mon system be-
tween outburst and quiescence is only about a factor of 15 (∆R mag = 2.9),
hence this is very unlikely to be the case of V899 Mon. Moreover, consider-
ing the projection angle of these winds, the actual de-projected velocity of
the winds will have to be unrealistically high.

Even if we consider the scenario where the inclination angle to V899
Mon is large, the centrifugally driven winds like X-wind and disc winds
will have a characteristic velocity proportional to the Keplerian orbital ve-
locity at the base of the wind. Since the Keplerian velocity is proportional
to R−0.5, the detected change in the outflow velocity from -722 km s−1 to
-425 km s−1 would imply a change in radius of the base of the outflow
by a factor of 3. These outflow mechanisms are also relatively stable over
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long timescales. Other mechanisms like conical winds also typically can-
not result in such high velocity winds detected in V899 Mon (Kurosawa
and Romanova, 2012). Magnetospheric ejection winds driven by the in-
flation and re-connection of magnetospheric field lines to the disc have
a strong episodic nature. However, its terminal velocity is again limited
by the gravitational escape speed similar to X-winds (Zanni and Ferreira,
2013). Hence, if V899 Mon’s inclination angle is large, among various pos-
sible outflow mechanisms, wide angle conical winds in propeller regime
is the most likely outflow mechanism. These winds have difficulty in at-
taining the observed high velocities, but the timescales of the stability in
these winds are consistent with our observations (Ustyugova et al., 2006;
Romanova et al., 2009).

The high resolution P-Cygni profile structure in Hα line of V899 Mon
during 2015 December was strikingly similar to that of V1331 Cyg, whose
inclination angle is known to be small (Petrov et al., 2014). Petrov et al.,
(2014) could obtain a good fit to this profile in V1331 Cyg using a radiative
transfer model including stellar wind. While a stellar wind inside the po-
lar opening angle can explain the profile structure seen in 2015 December,
we should also be able to explain both the variation in the outflow strength
as well as outflow velocity seen over the timescale of weeks in V899 Mon.
Even though the outflow strength dropped below the detection limit when
the accretion rate dropped during the 2011 quiescence, in the ongoing sec-
ond outburst, we do not see any significant causal connection between the
variations in outflow strength and the accretion (estimated from emission
line strengths). Smaller changes in outflow velocity (∼ 50 to 100 km s−1)
could be explained as the traced velocity at the corresponding radius where
the accelerating wind gets optically thick. Change in opening angle due to
magnetic field strength variation in the magnetosphere will result in change
in density of the outflow and thereby the radius at which wind gets opti-
cally thick (Petrov et al., 2014). However, this change in apparent outflow
velocity has an obvious upper limit of terminal velocity. So we need to look
for some other mechanisms to explain the very high velocity (>-722 km
s−1) episodic outflows detected in 2014 December and other epochs during
the ongoing outburst. The change in outflow strength can also be caused by
any change in the fraction of accreting matter which gets redirected in the
polar direction as an accretion powered stellar wind. Recent simulations
by Ustyugova et al., (2006), Romanova et al., (2009), and Kurosawa and Ro-
manova, (2012) have shown that it is possible to have magnetic pressure
driven polar winds which redirect matter from the upper part of the mag-
netospheric accretion funnel flow. They are similar to the propeller regime
high velocity outflow in the polar direction seen in a fast rotating magne-
tosphere which has a disc truncation radius outside the co-rotation radius.
Such a regime is possible in young Class I stellar sources which are typically
found to rotate with a period of a few days. The acceleration to high veloci-
ties like 500–1000 km s−1 occurs only very near to the magnetosphere where
the magnetic pressure dominates and these winds later slow down as they
move farther away. Their velocity is sensitive to the accretion rate and the
outflow density, and their episodic nature with a timescale of a few weeks
seen in simulations (Romanova et al., 2009; Ustyugova et al., 2006) are also
consistent with our observations. It should be noted that Kurosawa and Ro-
manova, (2012) did not obtain any significant contribution from these polar
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winds to the blue-shifted P-Cygni absorption. The polar wind outflow rate
was only about 10−10 M� yr−1 in their MHD simulations. Stellar winds
were also not included in their model. This low density of polar outflow
did not result in any significant absorption. However, Romanova et al.,
(2009) showed the polar high velocity jets can have up to 10% of the conical
wind mass flux. The total mass outflow from V899 Mon is ∼10−7 M� yr−1

(Chapter 3), hence it is possible to have mass outflow up to ∼10−8 M� yr−1

in the polar axial winds; which is sufficient to produce blue-shifted absorp-
tion in Hα profile. Presence of stellar wind could also further increase the
mass flux along polar winds (Romanova et al., 2009). The outflow mech-
anism in these simulations of the high velocity clumpy episodic outflows
along the polar direction is the most observationally consistent mechanism
which can explain the fluctuating high velocity winds seen in V899 Mon.

6.3 Summary

Our multi-epoch high resolution spectroscopic observations of the outflow
traced by the P-Cygni profile in V899 Mon show change in velocity from
-722 km s−1 in 2014 December to -425 km s−1 in 2015 December and to -
550 km s−1 in 2016 February. We do not detect any significant variation in
the outflow profile over a time scale of 4 days between 2015 December 15
and 19. However, our more frequently sampled medium resolution spectra
show high velocity episodic outflow variations in the timescale as short as a
week at other epochs of the ongoing outburst. In the likely scenario where
V899 Mon is seen at a low inclination angle to our line of sight, the most
consistent mechanism which can give rise to such unstable, clumpy, short
duration high velocity winds are magnetically accelerated polar winds seen
in simulations by Kurosawa and Romanova, (2012) and Romanova et al.,
(2009). The highly variable nature of outflow strength and velocities make
V899 Mon the most dynamic source which can be used to model and con-
strain the time evolution in various magnetohydrodynamic simulations of
the magnetospheric accretion and outflow in young stellar objects.
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Chapter 7

Bayesian Model to Constrain
Outburst Frequency

The frequency and the amplitude of the sudden heating of the protoplan-
etary discs by these episodic accretion outbursts can have significant ef-
fect on planet formation (Stamatellos, Whitworth, and Hubber, 2011) and
the overall chemistry of the protoplanetary disc. Rapid accretion events
would also significantly change the pre-main sequence isochrones used ex-
tensively for age and mass estimation of the YSOs (Hartmann, Zhu, and
Calvet, 2011; Hosokawa, Offner, and Krumholz, 2011; Baraffe, Vorobyov,
and Chabrier, 2012). Hence, the frequency of these accretion outburst events
is crucial to model the effects of outbursts on the star-disc system. These
outbursts are presently understood in the framework of effective viscosity
changes in the disc, caused by the different instabilities which could arise
in an accretion disc (Bonnell and Bastien, 1992; Bell and Lin, 1994; Clarke
and Syer, 1996; Kley and Lin, 1999; Armitage, Livio, and Pringle, 2001;
Vorobyov and Basu, 2005; Boley et al., 2006; Zhu et al., 2009). However,
the frequency of outbursts is not constrained by these models. In fact, any
empirical estimate of the frequency of outbursts will be a valuable input for
these models.

It should be noted that, due to the small sample size of the discovered
outbursts, it is not yet clear whether such an episodic accretion outburst is
the norm in all YSOs or if they are seen only in certain specific populations.
While the episodic accretion outbursts have been observed in both embed-
ded, typically Class I, and optically visible Class II YSOs, there is no clear
trend on how the outburst frequency evolves as a function of the age, or the
disc mass.

There have been various attempts in the literature to model the detected
number of outbursts to constrain the recurrence period of outbursts1. The
basic idea of all these attempts was to take the ratio of the number of YSOs
undergoing outburst to the total number of YSOs. Depending on how ac-
curately the numerator and the denominator were estimated, the constraint
on the period of outbursts is spread over 2 orders of magnitude (see section
3.1 of Hillenbrand and Findeisen, (2015) for a detailed discussion of various
attempts in the literature).

In this chapter, we propose a Bayesian approach to the period estima-
tion problem. Our model enables us to incorporate all available archived

1Episodic accretion is at the best only quasiperiodic. However, since the timescales be-
tween consecutive outbursts are large, periodic models are a good approximation. In this
chapter, we would be using the term outburst period to represent the time interval between
outbursts in spite of their expected quasiperiodic nature.



86 Chapter 7. Bayesian Model to Constrain Outburst Frequency

photometric observations of star-forming regions into any specific simula-
tion. It also enables us to answer more detailed questions about the univer-
sality of the outburst phenomenon, or dependence on age, cluster proper-
ties, and environment. In section 7.1 we outline the merits of a Bayesian ap-
proach to this problem over the frequentist approach of the binomial model.
In order to incorporate multi-epoch, multi-wavelength data, we need a flex-
ible and general data representation format, and this is described in section
7.2. Our Bayesian model is explained in section 7.3; we start with a sim-
ple case, and then we expand the complexity of the model step by step. In
section 7.4 we list the major caveats to data interpretation using our model.
We summarise in section 7.5 by briefly discussing the major results. We
have publicly released our code that simulates the data set and then fits the
Bayesian model.

7.1 Merits of a Bayesian Model

The traditional frequentist approach to the problem of estimating the out-
burst period is to model the number of detected outbursts in a sample of
YSOs as a random sampling from a binomial distribution of a certain out-
burst rate (Scholz, Froebrich, and Wood, 2013; Hillenbrand and Findeisen,
2015). In this model, for an outburst rate of r star−1 year−1, while consid-
ering a two epoch survey with sample size NY SO and a time gap ∆t, the
average expected number of outbursts in the sample is r∆t NY SO. In the
following sub-sections, we briefly outline the advantages of the Bayesian
model over this frequentist approach.

7.1.1 Applicability in short duration outbursts

For the above mentioned representation of the outburst period (the interval
between outbursts) for a rate parameter to be valid, the assumption r ∆t
<< 1 should be true, i.e., there should be only a maximum of one outburst
during the entire period of observation (∆t). Hence, the model cannot be
used to study the short period outbursts like EXors, where the period is
comparable to or smaller than the survey time gap, since the events would
be missed and the Binomial model will become invalid if r ∆t > 1. Recently
discovered eruptive variables seem to indicate that there is a continuum of
sources between classical EXors and FUors (see review by Audard et al.,
(2014) and demonstration in Kraus et al., (2016) of a 30 year duration for
the outburst of V346 Nor, long considered an FU Ori star). Hence, it is de-
sirable to have a model which is equally applicable to all ranges of periods.
Bayesian models can be built without the above constraints. Starting with
the input parameters, if a model can be build to calculate or simulate the
output observational data, then, when the actual observed data is avail-
able, the Bayes theorem can be used to obtain the posterior probability of
the parameters of the model. In our Bayesian model, we have not used
the rate representation of the period. Instead, we represent the actual YSO
light curves as an ideal rectangular waveform, where the high state repre-
sents the outburst phase and the low state represents the quiescent phase.
There is no limitation on the period of repeated outbursts which this model
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can fit. Hence, the same model can be used to study all ranges of peri-
odic outbursts seen in eruptive variables. This capability is also important
to make quantitative comparisons across different classes and age groups
which could potentially have different periods for outbursts.

7.1.2 Multi-epoch observational data

Over the last century, there have been many photometric observations and
surveys of YSOs in different wavelengths. Each survey has a unique num-
ber of YSOs, time span of the observations of the same field with same
equipment (this is ∆t), and a cadence which is often irregular especially for
the ground-based surveys. In the binomial model, since the rate param-
eter is the combined product of the outburst rate r and ∆t, one has to fit
separately each sample of YSOs observed in a certain time interval ∆t. In
a scenario where we have random time intervals of observations for each
YSO in the collection of photometric surveys, we do not have a single ∆t
for a large enough data subset to fit the rate parameter separately. This is
the major limitation in using the binomial model to fit all the archival data
available from various old as well as the new multi-wavelength surveys.

However, in our Bayesian model, we can naturally incorporate any num-
ber of available observations and simultaneously take advantage of both re-
cent, deep, short cadence surveys (like WISE, Spitzer, ASAS, PTF, PanSTARRS,
ATLAS etc.), as well as old static surveys (like POSS, 2MASS, SDSS, etc.). In-
corporating all the available data sets will provide much tighter constraints
on the parameters like the period of outbursts we want to estimate.

7.1.3 Incorporating constraints from other methods

Bayesian models can easily incorporate constraints on the parameters from
other considerations (for example, the period estimates obtained from the
knots in outflows, or ranges of likely estimates required to explain the “Lu-
minosity Problem” in YSOs, envelope temperature, etc.). They can be in-
corporated into the model as prior probabilities of the parameters we are
trying to estimate. In the binomial model, there is no direct way to incorpo-
rate such extra prior beliefs on the parameters.

7.1.4 Simple interpretation of the results

The output from the Bayesian model is the probability distribution of the
parameter values. Given the observational data, a Bayesian model re-allocates
the credibility of values each parameter could take across possibilities. This
probability distribution can be summarized by Bayesian credible intervals.
Conceptually, the 95% in a 95% frequentist confidence interval represents
the probability of that interval to contain the true period, while the 95% in a
95% Bayesian credible interval represents the probability of the true period
to fall within that interval. Hence, Bayesian credible intervals are easier
and more intuitive to visualize than the traditional frequentist confidence
intervals.
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7.1.5 Power to compare between classes

The true advantage of our Bayesian model is its power in statistical com-
parison between different clusters and classes (e.g., SED type or stellar
mass range or wavelength of observation) of YSOs. Instead of fitting mod-
els separately for individual classes, hierarchical Bayesian models and the
Bayesian networks can provide better constraint by simultaneously fitting
across various classes. This is especially important when a few classes have
small samples to provide independent constraint. A hierarchical model
pools the information from across the classes to give better constraints for
the lesser-sampled classes. In the specific context of our YSO problem, these
models will allow us to constrain and compare any significant variation in
the outburst periods across different categories of YSOs and physically as-
sociated clusters.

7.1.6 Predictive power of the model

Hillenbrand and Findeisen, (2015) did a detailed power analysis of the bi-
nomial model. Similarly, to do the power analysis of our Bayesian model,
we can simulate an observational data set, and try to estimate the input
parameters and their credible intervals. After fitting the Bayesian network
using the presently available data, we can make predictions for future large
telescopes and surveys using the same network.

7.2 Representation of the Data (D)

In this section, we describe the representation of the multi-epoch, multi-
wavelength data which is the input to the model for fitting. Observed raw
data are the flux or magnitude measurements at two or more epochs. The
outburst phenomenon we are modeling has a well defined change in mag-
nitude ∆M (e.g., 2–3 mag in case of EXors, and 4–5 mag in case of FUors). If
the magnitude never changed beyond this ∆M during the entire duration
of the observations, we have no way of knowing whether the star is in the
outburst phase (represented by the integer 1) or in the quiescent phase (rep-
resented by the integer 0). Hence, we denote each observation of that star
to be in an unknown state (represented by an integer larger than 1). If we
detect a source to have transitioned to an outburst phase at a certain epoch,
we denote all the previous quiescent states as low states (represented by 0)
and the outburst epoch states as high states (represented by 1). Thus, each
star in the sample with multiple epoch of observations (Di) is represented
by a list of integers corresponding to each epoch. For example, [2,2,2,2] is a
star which did not change its magnitude beyond the range of normal young
star variability in all the four epochs of observation. [0,0,1,1] is a star which
was found to be in outburst in the third epoch. And [1,0,0] is a star which
was found to have transitioned to quiescence in the second epoch. Each en-
try in this sequence of the states also has a corresponding observation time
stamp. For some YSOs, data from very different wavelengths might also
be available in literature, for example, mid-infrared Spitzer and WISE sur-
veys. It is not always possible to compare these fluxes directly with optical
fluxes, to decide whether the source underwent a transition or not. Hence,
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FIGURE 7.1: The basic single period, single outburst phase
model. Node p is the period, φO is the outburst phase, and

D is the observed data.

we represent them as a new unknown state by an integer larger than 2, say
for instance 3.

This structure of data is designed to be general enough to represent all
the multi-epoch, multi-wavelength observations of YSOs available in the
literature. The photometric errors (normally <0.1 mag) and the quiescent
state photometric variability (typically <0.2 mag) are assumed to be much
less than the threshold change in the magnitude (∆M ) which defines the
outburst.

7.3 Bayesian Models

In this section we present our Bayesian models. We start with the simplest
model and expand the model step by step for more general cases depending
on the data.

7.3.1 The simplest model

The simplest model is where all the stars in the sample are modeled to have
one unknown period and a fixed duration of outbursts. This forms the
lowest level in the Bayesian network model (see Figure 7.1).

For applying the Bayes theorem, we first calculate the likelihood func-
tion P (Di | p, φO). This is the probability of obtaining the observed data
Di, given a period p and an outburst phase φO (explained below). This
calculation is the heart of our model.

For a given period p, without losing generality, we represent epochs of
the observation in a phase diagram. We assign 0 phase to the beginning of
the quiescence and φO is taken to be the phase at which the source tran-
sitions from the quiescence to the outburst phase. Figure 7.2 shows one
period in the light curve of a star undergoing outburst. The time axis is
transformed to phase from 0 to 1 of a given period p (Phase = Time/Period
mod 1). This model has only two parameters, namely the period (p) and an
outburst phase (φO). The duty cycle of the outburst in this model is 1-φO.

We now calculate the likelihood. For each star’s data Di, the first epoch
of the observation in the phase curve (Figure 7.2) is equally likely to be
anywhere in the interval 0 to 1. We denote that unknown initial phase as φ1.
Phases of subsequent epochs are given by adding the differential phase (of
time difference) to the initial phase, i.e., φ2 = φ1 + (Epoch2 - Epoch1)/Period
mod 1.
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FIGURE 7.2: Single period light curve of a star. Time axis is
transformed to phase from 0 to 1 of a given period p (Phase

= Time/Period mod 1).

Each new epoch of observation of a star gives a new constraint on the
interval in which φ1 lies. By taking an intersection of all the constraints
from each epoch on the interval φ1 belongs, we obtain the final sub-intervals
which contain the φ1 of that source in the phase space 0 to 1. Since the first
epoch of the observation is a uniform random draw from this sub-interval
in the phase space 0 to 1, the total size of the final interval is equal to the
probability of the observation of that particular multi-epoch data, i.e., like-
lihood P (Di | p, φO). Due to the calculation of intersections of intervals in a
phase circle, we cannot write an analytic expression for the likelihood. We
implemented this likelihood calculation numerically in Python using open
interval sets of SymPy module. For obtaining the likelihood of observation
of all the observed stars in the sample (D), i.e., P (D | p, φO), we multiply all
the independent individual probabilities together. P (D | p, φO) = ΠiP (Di |
p, φO)

Prior

In Bayes formula, the posterior probability distributions of the parameters
are estimated by taking the product of likelihood with prior probability dis-
tributions, i.e., P (p, φO | D) ∝ P (D | p, φO)×Prior(p, φO). Prior probability
distribution is our prior belief on the values the parameters could take. We
could take a completely non-informative prior, where we consider all val-
ues of period to be equally likely. In the case of FUors, the most skeptic
prior belief of the period range can be taken to be 5 × 102 to 1 × 106 years
(section 3.1 in Hillenbrand and Findeisen, (2015)). In this chapter, we have
taken our prior probability distribution to be a uniform distribution in this
wide range. Defining reasonably constraining priors also has the practical
benefit of making Markov-chain Monte Carlo (MCMC) sampling faster and
efficient.

Predictive Power of the Model

The predictive power of our model was analyzed by simulating many in-
stances of possible observational data for various hypothetical outburst pe-
riods, and calculating the probability density function of the period. To
simulate the data set, which mimics the observation, we generated N num-
ber of random initial phases (φ1) for N number of stars. The time epochs
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FIGURE 7.3: a) Frequency distribution of the number of
outbursts occurring in a simulation of a two epoch survey
containing a sample of 9000 YSOs. b) Similar histograms
of the number of outbursts occurring for a 20 year survey
gap with varying number of YSOs in the sample. True out-
burst period corresponding to each histogram is shown in
the color legend. Longer periods need longer time baselines

and/or larger YSO samples in order be measurable.

of observations were then converted to phase differences using the true pe-
riod assumed in each simulation. Comparing these phase values of each
epoch with the model outburst phase (φO), we generated the light curves
in the format explained in section 7.2.

Figure 7.3a shows the histograms of the number of outbursts occurring
in a simulation of a two epoch survey containing a sample of N = 9000
YSOs. Figure 7.3b shows similar histograms of the outbursts over 20 years
with varying number of YSOs in the survey sample. When the total dura-
tion of the simulated survey is shorter than the duration of the outburst,
the number of epochs of observation in the survey is not relevant to the
calculation, so the two-epoch scenario is sufficient.

For this single period model, we could directly calculate the posterior
probability distribution by evaluating the likelihood function for a grid of
periods using the phase interval intersection method mentioned in the sec-
tion 7.3.1. However, in order to conduct simulations of more extended mod-
els mentioned in the sections below, where direct likelihood calculations
become difficult, we implemented Monte Carlo based posterior probability
calculation using PyMC3 Python module.

MCMC chains were run separately for each simulated observational
data. After the MCMC chain has converged, we plotted the histogram of
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the samples in the chain to obtain the posterior probability density distri-
bution (PPDD) of the period p. We could summarize the PPDD from each
simulation using the highest density interval (HDI). 95% HDI is the short-
est Bayesian credible interval which includes 95% posterior probability of
the estimated quantity. For each observational data set, corresponding to a
certain hypothetical period of outburst, gap between the epoch of surveys,
and the number of YSOs in the survey we calculate one 95% HDI to repre-
sent the estimated posterior probability density of outburst period. Figure
7.4a shows the color bands obtained by connecting together the 95% HDI
of the estimated posterior probability density of the outburst period. Each
color represents a hypothetical true period in the simulation (in the range
104 to 105 years, shown in legend of the plots). The x-axis (5 to 100 yrs) is
the time gap between the two observations in a two epoch survey of a sam-
ple of 9000 YSOs. As expected, the HDI of the estimated period becomes
better separated and constrained as the survey time gap increases. Figure
7.4b shows similar HDI bands of different colors corresponding to differ-
ent hypothetical periods assumed in the simulation. Here the X-axis is the
number of YSOs in the simulation. The time gap between two epochs of
survey is fixed to be 20 years. As expected, the HDI gets better constrained
as the number of YSOs in the sample increases for the 20 year time gap sur-
vey. The HDIs plotted in both the figures are median values of the HDIs
estimated from all the instances of simulated observational data.

The outburst phase (φO) parameter has no effect on the detected num-
ber of outbursts when the observation time cadences are smaller than the
outburst duration. Hence, it cannot be constrained unless we have observa-
tions spanning a duration longer than the outburst duration. For the calcu-
lations shown above, the outburst phase was taken to be φO = 0.99, i.e., 1%
of the time was spent in the outburst state during one period (duty cycle).
When the outburst period is only 10,000 years, a 1% duty cycle implies an
outburst duration of 100 years, then the cadence of a 100 year gap survey
is comparable to the outburst duration. Hence, if we do not have any in-
termediate epoch observations, we are under-sampling the light curve, and
this could result in artifacts similar to aliasing. This effect is clearly seen in
the sudden drop in the lower bound of the HDI of 10,000 year band for the
100 year survey (see Figure 7.4 a; bottom right corner). However, this is not
an issue in realistic scenarios. The degeneracy allowing smaller periods to
replicate the observation will be removed by any intermediate observation
of those YSOs during the 100 year gap. For the sake of simplicity in presen-
tation, the simulations shown here are for two epoch surveys, however, the
model has no restriction in adding any number of observational epochs in
to the data sample.

As a function of the parameter φO, this model also provides us an esti-
mate on the number of sources which are right now undergoing an outburst
(outbursts which we cannot directly detect from lightcurve observations
since they have not undergone any transition).

7.3.2 Expanding the Bayesian network

The model described in the previous section can be easily extended to incor-
porate a range in the period and/or the outburst duty cycle among various
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FIGURE 7.4: a) The evolution of the median 95% highest
density interval (HDI) of the inferred period from all the
simulated data sets as a function of different time gaps be-
tween multiple epoch observations. True periods used in
simulations are shown in the corresponding color legend.
b) The evolution of the HDI of the inferred period for an
increasing number of YSOs in the sample of a 20 year time
gap survey. The HDIs plotted in both the figures are me-
dian of the HDIs estimated from all the instances of simu-
lated observational data. The individual HDI estimates are
also shown in the background as fainter bands. The HDIs
of long outburst periods (> 5× 104 yrs) gets well separated
only in long baseline surveys or in surveys containing large

number of YSOs.
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FIGURE 7.5: Added node µp is the mean of the normal dis-
tribution of the period p, and the node σp is the standard

deviation of that normal distribution.

FIGURE 7.6: Added node C represents the probability of
the object belonging to each class. Here class could be age

classes or clusters.

populations of YSOs. Figure 7.5 shows the extension of the Bayesian net-
work to incorporate different periods among different stars in a cluster or
extended sample. The conditional probability table for the period node p
is a univariate Gaussian. P (p | µp, σp) = N(µp, σp), where µp is the mean
period and σp is the standard deviation of the periods in the sample.

One of the major astronomical questions we want to address using our
model is whether there is any significant variation in the distribution of the
period between different classes of YSOs, or across the YSOs from spatially
different clusters of different ages. For this, we add another class node as
parent to the µp and σp which can denote the class each star belongs to.

Figure 7.6 illustrates the full Bayesian network with classC node added.
P (µp | C), the probability distribution of the mean period when given the
input class node value, i.e., the conditional probability table for the µp node,
is obtained by fitting the data.
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FIGURE 7.7: Kruschke style diagram of the hierarchical
Bayesian ANOVA to quantify any significant difference in

the mean of the period between various classes of YSOs.

7.3.3 Bayesian ANOVA model

In order to quantify our belief on any significant variation in the period
among different classes of YSOs, we modeled a Bayesian version of classi-
cal ANOVA (analysis of variance) (Kruschke, 2014). We represent the mem-
bership of each star in a class (such as SED type, stellar mass, observation
wavelength, cluster, etc.) by a vector xj . This has dimension equal to the
number of categories with the classes. For example, a YSO belonging to
the age Class 0 will be represented as (1,0,0), Class I as (0,1,0) and Class II
as (0,0,1). We write the mean period of the star belonging to jth class as
µpi = µo +

∑
j βjxj , where µo is the overall mean period, βj is the amount

by which the mean µp changes for the class j, and xj is the vector represent-
ing the class the star belongs to. To constrain the sum of the variations from
the mean to be zero, we also add the extra condition

∑
j βj = 0. The basic

structure of this hierarchical model of the Bayesian version of ANOVA is
represented by a Kruschke style diagram in Figure 7.7.

Each node in the model is implemented by the corresponding standard
distribution function in our PyMC3 implementation of the model. While
the model we have presented here can be easily expanded to a more com-
plicated model, the constraints become weaker as the number of parame-
ters in the model increases. Hence, the complexity of the model has to be
decided based on the available data for fitting.

7.3.4 Example simulation

To demonstrate an example of a comparison analysis between multiple
classes of YSOs with possibly different periods, in this section we present
a multi-class, multi-epoch data simulation. For our fictitious data, we con-
sider a sample of 1000 Class 0, 3000 Class I, and 10,000 Class II YSOs. Since
the mid-infrared surveys that have completely characterized the infrared
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Light curve Class 0 Class I Class II
[0,1] 2 1
[1,0] 1 1
[2,2] 997 2998
[2,2,2] 5000
[0,1,1,1] 1
[1,1,1,0] 1
[1,1,0,0] 1
[2,2,2,2] 4997

TABLE 7.1: Outburst simulation of Class 0, Class I & Class
II YSOs

spectral energy distributions and hence classes of YSOs in nearby molec-
ular clouds are only a decade old (Gutermuth et al., 2009; Megeath et al.,
2012), let us consider we have two epochs of observations, with a 10 year
gap, of our Class 0 and Class I sources. Since Class II sources could also
be detected in the 2MASS survey, we have their observations at time gaps
of 0, 10 and 20 years. If we consider half of our Class II sources (i.e., 5000
YSOs) were also visible in the optical, then we have observations of those
YSOs taken approximately 50 years ago in the last POSS survey, or in other
optical survey archives.

To simulate a possible observational light curve data set, we arbitrarily
take the period of FU Ori type outburst to be 104, 3×104, and 3×105 years
for Class 0, Class I, and Class II YSOs, respectively. Using the same proce-
dure mentioned in section 7.3.1, we generate a possible observational data
set summarised in Table 7.1.

Our model consists of a hyper-parameter mean period µp, which is the
mean period across the three classes. zdp is a vector of three random delta
values with mean 0, which when added to µp gives the three periods p0,
p1, and p2 for Class 0, Class I, and Class II, respectively. Outburst phase
φO was kept fixed at 0.9 in the phase space. Figure 7.8 shows the posterior
probability distribution of each of the variables and their trace from the
MCMC chain.

As expected, the true periods of each of the classes we used for simu-
lation of the data fall within the posterior probability curves estimated for
each period. As we mentioned in section 7.1, Bayesian posterior probability
distributions are simple to interpret, and can easily be used to calculate the
probability of various comparisons across the classes. For instance, by tak-
ing the area of the curve below 0 in the histogram of the difference between
any two period traces, we obtain the probability of one being less than the
other. In this case, we can quantify that p0 < p1 with a probability 0.98,
p1 < p2 with a probability 0.97, and p0 < p2 with a probability 1.

One major advantage of hierarchical Bayesian models like this, is the
pooling of information across the groups. For instance, in this example, if
the data available for the Class I group is poor, the model can still obtain
a good constraint on its period by pooling information from the periods
across other classes.
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FIGURE 7.8: Histogram (left) and trace (right) of the MCMC
sampling of the main variables in our YSO model with three
classes. The first row is of the mean period µp. The blue,
green and red curves in the second row are of the deviations
from µp of p0, p1, and p2 respectively. The last three rows
are of the variables p0, p1, and p2. The histograms on the
left represent the posterior probability distributions (PPD),
and the traces are shown on the right to convey the qual-
ity of convergence in the MCMC run. The PPDs of p0, p1,
and p2 show the difference between the outburst periods of
Class 0, Class I and Class II YSOs are extractable from the

simulation.
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7.4 Caveats

In this section, we point out the caveats of the Bayesian model approach to
fitting outburst event frequencies in an observational data set.

7.4.1 Non periodicity of the outbursts

It is not likely that the outbursts are strongly periodic or even quasiperiodic
(Zhu, Hartmann, and Gammie, 2010; Vorobyov and Basu, 2010). This ran-
domness factor is especially important when the observational cadence is
of comparable timescale to the average outburst frequency. In such cases,
it is important to have hyper-parameters for the period to model its ran-
domness in a sample (as shown in Figure 7.5). One short period object in a
sample of long period objects is enough to completely break a simple sin-
gle period model. Hence, depending on the data, one should add more
layers to the hierarchical Bayesian model. This unavoidably increases the
complexity of the model, and will loosen the constraints.

7.4.2 Very slow decay to quiescence

Various disc instability models predict a sharp transition from quiescent to
outburst state and also in some scenarios from outburst to quiescence (see
Figure 7 in Audard et al., (2014) for a compilation of different models). This
was the motivation for adopting a tophat waveform for the model (see Fig-
ure 7.2). It is clear from the symmetry of this waveform used in the model
that when the period of the outburst is much larger than the typical ob-
servational cadence, the probability of seeing a star transforming from an
outburst to a quiescence is the same as seeing it transforming from quies-
cence to an outburst phase. Surprisingly, all the classical FUors which are
reported so far in the literature, are those detected to be transforming from
the quiescence to the outburst. The other half is unknown in the literature
from lightcurve analysis even though they should be there somewhere in
the same data archives. Hence, if tophat waveform model is true, then our
model implies that there is a correction by a factor of 2 to the estimate of
the total number of FUors in the literature. On the other hand, if that is not
the case2, then the rectangular tophat waveform model is not a good repre-
sentation of the light curve. One can easily update this model to a sawtooth
pulse waveform to represent such a scenario of slow decay to quiescence.
One can identify whether this is representative of the true case, by look-
ing for any statistically significant difference between the number of stars
undergoing outbursts to the number of stars transitioning to the quiescent
phase in the same data set for a long enough duration survey. Both of these
quantities will be statistically similar in case of the sharp transition model.
If there are significantly fewer sources undergoing transition to the quies-
cence than to the outburst, then a sawtooth waveform model is implied.

2V1057 Cyg is one example among the classical FUors which does not have a tophat
shaped flat plateau and a sharp decline in the light curve.
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7.4.3 Sampling bias in data

Data included in the modeling have to be carefully vetted to prevent any
sampling bias. As in any model fitting, all the estimates of the parameters
are strictly representative of only the data sample used. Hence, the data
chosen should be a good representation of the sample of YSOs we are try-
ing to model. Selection bias can also occur if the YSO samples are included
from the images which are observed after knowing that those regions con-
tain outburst sources. This could result in an over estimation of the outburst
rate. This bias can be avoided by making sure all the YSO samples in the
data sets are taken from observations not related to any outburst observa-
tions. Once a YSO is included in the data sample from an unbiased survey,
if more data is found to be observed of the region at a later or an earlier
epoch3, we can still consider those data points in the light curves of the
sample of YSOs already included in our data set. In short, no new sources
should be included from an image which was observed knowing there is
an outburst object in the field.

7.5 Summary

In this chapter, we have presented a framework for a powerful, flexible
hierarchical Bayesian model which can be used to constrain the period of
FUors and EXors outbursts using all the available photometric data. Cur-
rently, all the FUors in the literature are those detected transitioning to an
outburst phase from their quiescence. If the outburst to quiescence transi-
tion timescale of FUors is similar to the quiescence to outburst transition
timescale, then our model predicts existing archival data to contain statisti-
cally same number of FUors transitioning to quiescence. Using simulations,
we have shown that reasonable constraints can be obtained by already ex-
isting archival observations of YSOs spread over the last century. Future
wide-field telescope surveys such as ZTF (Zwicky Transient Factory) and
LSST (Large Synoptic Survey Telescope) will provide more data to con-
strain variations in the periods across different classes and clusters of YSOs.

The code for fitting our Bayesian models are publicly released under
GNU GPLv3+. Documentation and latest version of the source codes are
maintained at https://github.com/indiajoe/OutburstEstimator.

3which could be because an outburst was reported in that region

https://github.com/indiajoe/OutburstEstimator
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Part II

Near Infrared Instrumentation
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Chapter 8

TIRSPEC

We started our MFES program using the optical imagers and spectrometers
available in the country. However, many of the sources in our program are
deeply embedded in their envelope. In the optical band, the central source
is heavily extinct, and only a bright reflection nebula is generally visible
around it. Hence, near-infrared observations were crucial for studying the
inner accretion disc regions of these deeply embedded sources. In order
to obtain dynamical measurements of the outflows and the accretion rate
in our sources, we had to carry out spectroscopic monitoring of accretion
and outflow sensitive spectral lines in the near-infrared wavelengths. At
the same time, there was no publicly available near-infrared spectrograph
for astronomers in the country. The need was felt for a near-infrared spec-
trometer, which could be used with one of the 2 m class telescopes available
in India. To meet this need, the TIFR Near Infrared Spectrometer and Im-
ager (TIRSPEC) (Ojha et al., 2012) was conceived. Aim of this instrument
was to provide capability to do spectroscopy in the 1.0 to 2.5 µm band with
a medium spectral resolving power of ∼1200. It was designed to be used
on one of the side ports of the 2 m HCT at Hanle (Ladakh) (4500 m amsl,
Figure 8.1), along with the existing optical Hanle Faint Object Spectrograph
and Camera on the main port, to allow for near simultaneous observations
in the optical and near-infrared bands.

FIGURE 8.1: Location of 2 m HCT in Indian Astronomical
Observatory, Hanle, India (78.9641 E, 32.77944 N, 4500 m

amsl). Image Courtesy: Open Street Map

TIRSPEC was developed in collaboration with M/s. Mauna Kea In-
frared, LLC (MKIR), Hawaii, USA, to provide both imaging as well as spec-
troscopic capabilities in the 1.0 to 2.5 µm near-infrared wavelength range
and was designed around a Teledyne 1024 × 1024 pixel HAWAII-1 PACE
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array detector as the focal plane array. When mounted on the side port of
the 2 m HCT, the field of view (FoV) in the imaging mode is 307′′× 307′′

with a plate scale of 0.3′′/pixel, while in the spectroscopic mode it covers
a wavelength range from 1.0 to 2.5 µm with a spectral resolving power of
∼1200. The first light for this instrument on the HCT was observed on June
21, 2013 and after the characterization and engineering observational runs,
the TIRSPEC was released to the worldwide astronomical community for
science observations from May 1, 2014.

In this chapter, I describe the technical details of TIRSPEC (Section 8.1),
and also the characterization and performance analysis I did before releas-
ing the instrument to the users for scientific observations (Section 8.2). I also
present the performance analysis of TIRSPEC as related to the Hanle tele-
scope site and some samples of the science observations conducted during
the engineering runs (Section 8.3). I conclude with the present status of the
instrument in Section 8.5. The work presented in this chapter is published
in Ninan et al., (2014).

8.1 Instrument Overview

8.1.1 Structure

The TIRSPEC has an overall envelope size of 481 mm (width) × 600 mm
(length) × 500 mm (height). The cryostat is designed as a double bath-tub
which allows all the vacuum penetrations to be from the top plate of the
cryostat. Figure 8.2 shows an exploded view of the cryostat with the outer
cube providing the vacuum jacket. The optical bench is mounted within

FIGURE 8.2: Exploded front view of the TIRSPEC cryostat.
The yellow tub and top plate are the outer vacuum jacket.
The pink color shields are floating radiation shields. The
grey enclosure is the LN2 cooled enclosure which houses

the optics.

the liquid Nitrogen (LN2) cooled enclosure which hangs inside the outer
vacuum jacket from 4 rigid fiber-glass V-trusses connected to the top plate.
Thermally insulated mirror finished floating shields line the inner side of
the vacuum jacket to provide good radiation shielding and to improve LN2
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hold time. The LN2 tank can hold about 8.6 liters of LN2 which provides
a hold time of more than 36 hours at the observatory site. The array con-
troller electronics and the power supply for the motors and electronics are
mounted on one side of the cryostat. The three motors for the slit wheel
and the two filter wheels are mounted on the outer side of the top plate
and are coupled to the filter and slit wheels through right angled gears and
ferrofluidic vacuum feed-throughs. A calibration lamp assembly provides
for spectral line calibration of the spectrometer using an argon lamp with
a movable plane mirror which can be moved in and out of the optical path
using an Animatics SmartMotor and linear stage arrangement. The calibra-
tion box also hosts a tungsten lamp for continuum flats with an integrating
sphere.

8.1.2 Optics

TIRSPEC’s optics were designed to be used on the side port of the 2 m
HCT to provide an image scale of 0.3′′/pixel covering a FoV of 307" x 307".
Figure 8.3 shows the layout of the optics. The f/9.2 beam from HCT enters

FIGURE 8.3: TIRSPEC’s folded optics design.

the instrument via the CaF2 window. At the telescope focal plane (TFP)
there is a 11 position slit wheel which has 5 short slits (50′′ length)1 and
5 long slits (300′′ length) with slit widths of 0.9′′, 1.48′′, 1.97′′, 2.96′′ and
7.92′′, as well as one open position for the imaging mode. A collimator
system consisting of a BaF2-LiF -BaF2 lens triplet is used to obtain a good
quality achromatic image of the telescope aperture at the cold stop which is
sandwiched between two 12 position filter wheels. The first filter wheel has
broad band filters (J, H, Ks) and order sorter filters (Y, J, H, K) and two cross
dispersing grisms (HK and YJ). The second filter wheel has seven narrow
band filters, one grism, a block for taking dark images and an open position.
Table 8.1 lists the details of the imaging filters and Figure 8.4 shows the
transmission curves of all the available imaging and order sorter filters.

1During the initial installation we had used 10′′ slits, but it was found to be inadequate
for proper sky subtraction. Hence, during our second repair mission we upgraded the slits
to 50′′ .
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The collimated beam is then imaged on to the focal plane array detector
using aBaF2-LiF -ZnSe triplet lens and aBaF2 singlet lens. To fit the entire
optics inside the LN2 cooled enclosure, the optical path is folded at three
locations using gold coated fused silica plane mirrors.

The focal plane array used in TIRSPEC is a HAWAII-1 PACE Array2,
manufactured by Teledyne Scientific & Imaging, LLC, USA. It is a 1024 x 1024
array, with a pixel size of 18 µm square and has a cutoff wavelength of 2.5
µm. The array has HgCdTe detector layer on top and a silicon readout layer
below which contains readout amplifiers and associated circuits. Both the
layers are connected by indium bumps at each pixel (Hodapp et al., 1996;
Rieke, 2007). The array has four quadrants which are read out simultane-
ously. Read out starts from the bottom left corner pixel to the top right cor-
ner pixel of each quadrant at a rate of 3 µs/pixel. The detector is operated
at a temperature of 76-77 degrees K at Hanle (Ladakh).

TABLE 8.1: Imaging filters of TIRSPEC.

Filter Band pass (µm)

J 1.17 - 1.33
H 1.49 - 1.78
Ks 1.99 - 2.30

Methane off 1.584 (3.6 %)
[Fe II] 1.645 (1.6 %)

Methane on 1.654 (4.0 %)
H2 (1-0) S(1) 2.1239 (2.0 %)

Br γ 2.166 (0.98 %)
K-Cont 2.273 (1.73 %)

CO (2-0) 2.287 (1.33 %)

FIGURE 8.4: Transmittance curves of various filters on TIR-
SPEC. The black curves are the broad band J, H and Ks
filters, the red curves are the narrow bands, and the blue

dashed curves are the order sorters for spectroscopy.

2HgCdTe Astronomy Wide Area Infrared Imager - 1, Producible Alternative to CdTe for
Epitaxy
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Spectroscopy using TIRSPEC can be done using the single order mode
or the cross dispersed mode. In both modes, a YJHK grism is positioned
in the second filter wheel. This grism has a groove width of 12.4 µm and a
prism angle of 21.9o which disperses Y, J, H and K in its 6th, 5th, 4th and
3rd orders respectively. To obtain the spectrum of each order separately, in
the single order mode, the corresponding order sorter filter is positioned in
the first filter wheel which blocks the other orders.

In the cross dispersed mode, we can simultaneously obtain spectra in
two orders. Two modes are provided which cover the Y and J windows
or the H and K windows. This is accomplished by positioning the YJHK
grism in one filter wheel and a cross dispersing grism in the second wheel.
The cross dispersing grism is mounted 90 degrees rotated with respect to
the YJHK grism and has a custom order sorter filter that covers both orders.
The first order dispersion of the YJ cross dispersed grism with groove width
of 6.2 µm and a prism angle of 8o is used to obtain cross dispersed Y and
J spectrum. Similarly, the first order dispersion of the HK cross dispersed
grism with groove width of 15.4 µm and prism angle of 5o is used to obtain
cross dispersed H and K spectrum. All the grisms are directly ruled grisms.
Table 8.2 shows the wavelengths covered in each mode.

TABLE 8.2: Wavelength coverage in different spectroscopy
modes.

Spectroscopy Order Wavelength Range (µm)

Y 1.02 - 1.20
J 1.21 - 1.48
H 1.49 - 1.78
K 2.04 - 2.35

YJ* 1.02 - 1.49
HK* 1.50 - 1.84 & 1.95 - 2.45

* YJ and HK are cross dispersed modes.

Note: 1.84 to 1.95 µm is not part of the spectrum in HK due to their
dispersion being outside the physical dimensions of the detector array.

8.1.3 Electronics and Control systems

The HAWAII-1 PACE array is controlled by an ARC Gen III array controller
(also known as Leach Controller or SDSU Controller) from Astronomical
Research Cameras, Inc. (ARC), San Diego, USA. The array is mounted on a
Fanout Board inside the cryostat. The image data is sent to the ARC-46: 8-
Channel IR Video Processor in the array controller box mounted at the side of
the TIRSPEC cryostat where it is amplified and digitized. The ARC-32 CCD
and IR Clock Driver Board provides the clocks to the array and the controller
boards. The ARC-22: 250 MHz Fiber Optic Timing Board, Gen III generates
the waveforms as well as communicates with a PCI (Peripheral Component
Interconnect) interface board, the ARC-64: 250 MHz PCI Interface board, Gen
III mounted in the TIRSPEC control computer, via a duplex fiber optic ca-
ble link which transfers data and commands between the computer and the
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array controller box. The cryostat and array temperatures are monitored
using a Lakeshore temperature controller Model 335.

The slit wheel, filter wheels and calibration box mirror are moved using
independent SmartMotors manufactured by Animatics Corporation, Milpitas,
USA. The motors are controlled through a standard Ethernet interface. The
slit wheel and filter wheels have a spring loaded detent mechanism with a
thin film Hall sensor to detect the position of the wheel.

8.1.4 Software

The TIRSPEC instrument is controlled from the TIRSPEC control computer
using the main control software. The TIRSPEC control computer is con-
nected to two independent networks with one being used to communicate
with the observatory network for remote access, and the other being used
to communicate with the TIRSPEC components which includes the Ani-
matics SmartMotors and the TIRSPEC power control switches. The overall
structure of the instrument control software is shown in Figure 8.5.

FIGURE 8.5: Overall structure of TIRSPEC instrument con-
trol software

The Instrument Control Server (ICS) software is the central server which
controls all the other servers. It communicates with the other servers via
UNIX style sockets. The ICS receives commands from the client graphical
user interface (GUI) as well as returns instrument status to the GUI. When
the client requests a particular filter to be in position, the ICS receives the
command from the GUI and, if it is a valid command, it sends the instruc-
tion to the Mechanism Control Server (MCS). The MCS talks via the Eth-
ernet link with the corresponding Animatics SmartMotor which turns the
filter wheel to the desired position. When the client requests an exposure of
a specified integration time, the ICS receives the command, and if the sys-
tem is ready, it sends the instruction to the Array Controller Server (ACS).
The ACS talks via the ARC application programming interface (API) to the
ARC controller. The ARC device drivers and API are highly customized
versions of the standard code provided by Astronomical Research Cameras,
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Inc. Once the CPU receives an interrupt from the PCI board after the data
is fully written to the system memory, ACS generates a FITS3 image from
the raw data and saves it to the hard-disk in standard FITS format. It also
sends the data via a socket to the quick look viewer software DV4. DV has
tools to do basic image arithmetic as well as quick measurements to check
image quality.

Readout mode and image generation

When an exposure is not being taken, the array is continuously reset glob-
ally. At the beginning of any exposure, the reset pulse is stopped and the
detector is read out non-destructively. The detector can be read out in var-
ious modes. For optimal results, the sample-up-the-ramp (SUTR) readout
mode has been chosen as the default mode. The pixels are read at a rate of
3 µs per pixel and since all four quadrants of the detector are read out si-
multaneously, it takes 0.9 seconds to complete one full read out of the array.
For an integration time I, the actual exposure time is automatically adjusted
to the nearest multiple of 0.9 second and the actual integration time used is
written to the header of the data file. A total of I/0.9 non-destructive read-
outs of the cumulative counts in the array pixels are executed during the
duration of the exposure. Thus, the raw data for each exposure is a data
cube with the pixels on the two axes and time on the third axis. The flux
in each pixel is then calculated by fitting a slope by linear regression to this
SUTR readout data cube along the time axis. Due to the reset anomaly dis-
cussed later in Section 8.2.2, one needs to subtract the dark readout cube
from the image data cube before linear slope fitting. The SUTR readout
technique gives us unique capabilities to recover data from cosmic ray (CR)
hits and saturation.

Cosmic ray hit healing

HCT at Hanle (4500 m amsl) is prone to much higher CR hits than lower
altitude observatories. Since the SUTR readout has time resolved data, the
readout counts before and after a CR hit can be used to retrieve the slope of
the flux at that pixel. Figure 8.6 shows the typical SUTR readout generally
seen for a CR hit. The sudden jump in the ramp can be detected using a
digital filter shown in the inset of Figure 8.6. This filter is created by convo-
lution of a first difference filter and a Mexican hat filter. After identifying
the CR hit location, the slope in linear sections of the SUTR data is estimated
and averaged (weighted by the error in slope of each section).

Saturation healing

Another advantage in using the SUTR readout is that saturated pixels can
be selectively discarded. This is especially useful when observing fields
which have both bright and faint stars. The flux is estimated using only the
readouts during the linear regime of the pixels containing bright saturating
stars, while for the remaining pixels, the entire data is used. This effectively
increases the dynamic range of the detector beyond the actual well depth.

3Flexible Image Transport System
4Data Viewer by NASA Infrared Telescope Facility (IRTF), Hawaii, USA
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FIGURE 8.6: CR hit between the 5th and 6th seconds during
an SUTR readout exposure. The inset shows the digital filter

used to detect these events.

Non-linearity correction

From SUTR readout data we have estimated the non-linearity correction
coefficients for each pixel, which can be applied to reconstruct the data be-
yond 1% non-linearity. This has not been done by default to any of the data.
In general, all the data beyond the linear regime is discarded before fitting
the slope.

8.2 Characterization and Performance

8.2.1 Dark current

Dark current noise determines the sensitivity limit we can attain in the spec-
troscopy mode. Unlike the imaging mode, the noise in a faint star contin-
uum signal is dominated by dark current and effective readout noise. Dark
current is measured by reading out the array cooled to 77 K (normal oper-
ating temperature) with the cold block filter in the second filter wheel.

The measured dark current has an exponential fall off at the beginning
of the exposure. This high value at the beginning is due to the reset anomaly
of the detector and is not due to high dark current. The reset anomaly is
discussed in more detail in Section 8.2.2. Hence, the actual dark current
of the instrument is estimated only after the detector output has stabilized.
A straight line fit to the readout values after skipping the first 27 sec of
data from the start of the exposure up to 100 sec gave a dark current value
of 0.032 ADU/sec. This multiplied by gain (see Section 8.2.4) gives us an
estimate of the dark current ∼ 0.19 e−/sec. This value matches with esti-
mates of dark current by others on similar HAWAII-1 PACE 1k x 1k Array
(Acosta-Pulido, Dominguez-Tagle, and Manchado, 2003). Stability of dark
current over a time scale of one night was tested to decide the number of
dark frame readouts needed to be taken during each night. It was found
that it would be enough to take a few sets of dark frame readouts at the
beginning and end of each night.
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8.2.2 Reset Anomaly

The HAWAII-1 PACE array has been known to have a non-linear behaviour
immediately after the detector is reset (Finger et al., 2000; Acosta-Pulido,
Dominguez-Tagle, and Manchado, 2003). In spite of resetting at the same
frequency as the readout, to reduce the effects of the reset anomaly as sug-
gested by Riopel et al., (2004), we still see the reset anomaly in our readouts.
The green curve in Figure 8.7 shows the non-linear output obtained in the
dark readout due to the reset anomaly. Since this is a strong function of

FIGURE 8.7: The linear slope in sample-up-the-ramp
(SUTR) readout. Blue curve shows the readout of a pixel
exposed to star and green line shows the dark readout. Red
dashed line is the linear readout which is recovered after

subtracting the non-linear dark in image data cube.

the time that has elapsed since the reset at the beginning of exposure, we
get a vertical gradient in the raw image frames in each of the quadrants as
shown in Figure 8.8. One solution to this anomaly is to take long exposures

FIGURE 8.8: The vertical gradient in each quadrant of the
raw image due to the reset anomaly in a 4 sec dark expo-
sure. This gradient in the raw image can be removed fully

by dark subtraction.
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and discard the first few readouts. But, this cannot be done for imaging in
the H and K bands or for bright stars due to saturation. Hence, it is crucial
to decouple this non-linear readout portion to obtain the true linear slope
corresponding to the flux. This non-linear behaviour was found to be an
additive effect, and can be subtracted out to obtain the linear curve corre-
sponding to the actual flux falling on the detector. Figure 8.7 shows the
linear curve (red dashed line) recovered after subtracting the dark readout
(green curve) from the raw readout curve (blue curve). Finger et al., (2000)
had also shown this additive nature of the reset anomaly.

To study the noise statistics of these large counts obtained at the ini-
tial seconds of the exposure, multiple dark SUTR readouts were taken and
the dark current versus the variance were plotted. If the large counts ob-
tained in the initial seconds of the exposure are due to dark current, we
expect a Poisson noise variance in them. Figure 8.9 shows the counts ver-
sus the variance. Blue dots are points corresponding to pixels from a good
100x100 subarray of pixels with origin at (400,400) of the full array. The red
squares correspond to the mean of the blue points corresponding to each set
of readouts. The plot shows the red points are almost constant and do not
increase linearly with the counts. The green dashed line shows the expected
increase in variance if the counts had Poissonian statistics, as a function of
the counts. This implies that the reset anomaly does not have any signifi-
cant contribution in the final noise of the data if we just discard the first few
readouts (see Section 8.1.4).

FIGURE 8.9: Variance versus mean counts. The green
dashed line shows the expected increase if the counts are of
Poissonian statistics like dark current, and the red squares
represent the measured variance obtained by averaging of
the blue points, each representing pixels in a 100 x 100 sub-

array with origin at (400,400) in the full array.

8.2.3 Readout Noise

Readout noise mainly comes from the amplifier noise in the electronics cir-
cuits. These were found to be uncorrelated in our 0.9 sec readout time in-
terval of each pixel during an exposure. Since dark current was found to
be very small compared to the readout noise after 27 sec of integration, we
used the difference of consecutive frames in SUTR readout of a dark frame,
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to estimate
√

2 times readout noise. The readout noise was found to be dif-
ferent for each quadrant. Figure 8.10 shows the histogram of readout noise
for single readout of different pixels in the array. The mean readout noise

FIGURE 8.10: Histogram of readout noise for single read
out in the array. The four histograms correspond to the four

quadrants in the array.

for single readout for each quadrant is 6.1, 4.5, 2.9 and 2.8 ADU, with an
average value of 4.1 ADU (i.e. ∼ 25 e−) for the full array. It should be noted
that this value is the readout noise for a single readout, hence readout noise
contribution in the flux estimate is usually much less than this, and it is a
function of the number of readouts in a single exposure and flux. Detailed
treatment of error contribution of readout noise in flux calculation in SUTR
(line-fitting) mode is available in Robberto, (2007).

8.2.4 Gain

Gain is the multiplicative factor which converts ADU counts obtained from
the detector array to electrons. This is crucial to estimate the actual photon
counts obtained to estimate photon noise. For measuring the gain, we took
multiple exposures of different exposure times with the array exposed to
the telescope enclosure with the K filter. Since the thermal flux from the
telescope is stable over the short duration of our exposures, these images
are purely photon noise limited. For each pixel we calculated the slope
of ADU flux counts versus variance. Since photon noise follows Poisson
statistics, actual electron counts versus variance will have a unity slope.
Hence, the multiplicative gain factor was calculated by taking the inverse
of the slope in ADU counts versus variance plot. Figure 8.11 shows the
histogram of the gain obtained for each pixel in the array. The median gain
of the detector was found to be ∼ 6 e−/ADU.

8.2.5 Saturation level (Linear range)

Unlike optical CCDs, near-infrared detectors have strong non-linearity near
the saturation level of the pixels. Each pixel saturates and deviates from
the linear regime at slightly different counts. Using the SUTR readout data,
we estimated the upper limit of the linear regime for each pixel separately.
The median saturation point of the pixels was found to be at ∼16000 ADU,
subtracting the median bias level of ∼5700 ADU, gives us an effective well
depth of ∼ 10300 ADU (∼ 61800e−). By default, all the data in the non-
linear regime are discarded, but we have added a provision in the data
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FIGURE 8.11: The histogram of ADU to e− gain of each
pixel in the array.

reduction software for users to do non-linearity correction in the non-linear
regime and save the corrected data if needed (see Sections 8.1.4 and 8.4).

8.2.6 Bad, Hot and Cold pixels

Bad pixels are defined to be those pixels in the array which deviate more
than 8σ from the median value in the image obtained by dividing two flats
taken in high and low incidence flux. This set includes all the pixels whose
gain is varying with time or are completely dead. In our detector array,
most of such pixels are along the edges. The percentage of the bad pixels in
the array is 0.1%. Apart from this, during some of the nights, the vertical
single strip of pixels at column position 512 (at the border of the quadrants)
was also found to have a varying gain. Hence, we avoid objects falling on
that column during our observations.

Hot pixels are defined to be pixels which have counts more than 8σ
above the median value in a dark readout of 100 sec. Their fraction was
found to be 2.3% (most of them are located at the four quadrant corners
heated by the glow from the nearby readout transistor). Similarly, cold pix-
els (pixels which have counts less than 8σ below median value in dark)
fraction was found to be 0.07%. It is to be noted that only a subset of cold
and hot pixels are actually bad pixels, which need to be masked, and the
remaining can be corrected by flat fielding and dark subtraction. For ro-
bustness of all the above calculations, standard deviation σ was estimated
from the median absolute deviation.

8.2.7 Spectral resolving power

The reciprocal linear dispersion of TIRSPEC in spectroscopy mode is ∼4.7
Å/pixel. The effective spectral resolving power of the spectra in each or-
der was estimated by finding full-width-half-maximum (FWHM) of argon
lamp lines through the narrow slit of 0.9" width. Figure 8.12 shows the me-
dian λ/∆λ spectral resolving power along the slit obtained from argon lines
as a function of wavelength.
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FIGURE 8.12: Median spectral resolving power measured
as a function of wavelength from the argon lamp spectrum.

8.2.8 Fringe issue

Spectra in K band show fringes in the detector. HAWAII-1 PACE arrays are
known to have this issue due to interference in the sapphire substrate on
which the HgCdTe detector material is grown (Hodapp et al., 1996). Fig-
ure 8.13 shows the normalized strength of fringes seen in K band of 0.9" slit
spectrum. The fringe pattern was found to be stable and its Fourier trans-
form gave a typical wavelength scale equivalent to ∼ 36 Å in dispersed
spectrum. Since this is close to our typical stellar line widths, it is not safe
to use any Fourier transform based fringe removal technique. However,
since the fringes are stable, it can be removed by normalizing with contem-
poraneous flat and standard star spectra taken at the same position along
the slit.

FIGURE 8.13: Normalized fringe pattern seen in K band
spectrum. Fourier transform of the fringe pattern (shown

in inset) gave the spatial size of fringes to be ∼36 Å.

8.2.9 Persistence issue

HAWAII-I PACE array detectors are known to have strong persistence and
this leaves a slowly decaying persistence image if exposed to very bright
light. The time scale for decay of the persistence image is a function of the
strength of bright light which caused persistence. A shift of 23 pixels per-
pendicular to the dispersion direction in the position of the spectrum by the
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grism in TIRSPEC avoids the spectrum from overlapping on the persistence
of bright star image taken for centering the star in the slit.

8.3 Performance on HCT

8.3.1 Plate Scale and Field of View

We matched 2MASS coordinates of stars in the selected near-infrared stan-
dard star fields catalog (Hunt et al., 1998) to the pixel coordinates in the TIR-
SPEC image. The WCS submodule in Astropy5 and optimize submodule in
Scipy6 was used to fit the world coordinate parameters by least square min-
imization. The plate scale of TIRSPEC images obtained is 0.30 arcsec/pixel.
With the measured plate scale, we obtain a FoV of 307 × 307 arcsec2 (∼ 5 ×
5 arcmin2) for the 1024×1024 array.

8.3.2 Sky background

In near-infrared, where the sky is almost 800 times brighter than in the op-
tical, the faint magnitude limit in the imaging mode is limited by photon
noise from the sky background. To estimate the sky brightness at HCT,
we observed near-infrared standard star fields from Hunt et al., (1998) on
various nights. The sky brightness in H and K bands was found to vary
depending on the humidity during the nights. This is expected, since the
major contribution of flux in the H band comes from water and OH telluric
lines. The median values of sky brightness obtained in good night condi-
tions are the following: J = 16.14 mag/arcsec2, H = 13.70 mag/arcsec2, Ks
= 13.35 mag/arcsec2 and K = 13.20 mag/arcsec2. These are comparable to
other good sites like Mauna Kea (4145 m amsl) and Paranal (2635 m amsl).

The other important related parameter is the time scale of variation
in sky brightness. This determines how fast one should observe separate
sky frames, to subtract from object frames (especially while observing dif-
fuse/extended emission regions). Time scales also vary considerably from
night to night. To obtain typical time scales, we monitored the sky bright-
ness of one region continuously in intervals of 17 seconds. Figure 8.14
shows the auto-correlation of sky brightness in the J, H and Ks filters. The
e-folding time scale in auto-correlation is∼600 sec in the H and Ks bands at
HCT site, whereas the time scale is longer in the J band.

8.3.3 Throughput of the entire system

The throughput of the entire system was measured by counting the total
flux from standard stars over an area of 4 times the FWHM of their profile.
The image mode throughput percentage is 16 ± 5 %, 20 ± 5% and 20 ±
5% for the J, H and Ks bands respectively. This percentage corresponds to
the net throughput and it includes the atmosphere, telescope mirrors, in-
strument optics and quantum efficiency (QE) of the detector. These values
are consistent with our initial theoretical estimate of throughput. Spectral
throughput is difficult to measure by this method, because of the difficulty
in placing the star at the exact center of the slit every time. However, we

5Astropy Collaboration et al., (2013)
6Scipy is a standard package for scientific computing with Python (Oliphant, 2007)



8.3. Performance on HCT 117

FIGURE 8.14: Blue, green and red curves show the auto-
correlation of the J, H and Ks sky brightness respectively.
The e-folding time scale gives the typical time scale in

which sky brightness varies at the HCT site.

have a theoretical estimate of the spectral throughput to be 30%, which does
not include the QE of the detector and the slit losses.

While the cross dispersed mode of spectroscopy has the huge advan-
tage of simultaneously taking two orders of spectrum and even slightly ex-
tended wavelength coverage at the 2.4 µm end, there is a trade off in the net
throughput between the single order and the cross dispersed modes due to
the additional grism. Figure 8.15 shows the measured fractional through-
put of the cross dispersed mode relative to the single order mode. This was
obtained by taking the ratio of the continuum tungsten lamp spectra in the
single and cross dispersed modes through the same slit.

FIGURE 8.15: Four curves showing throughput in the cross
dispersed mode normalised with respect to the correspond-
ing single order mode in each band. This fractional reduc-
tion in net throughput is due to the additional grism used

in the cross dispersed mode.

8.3.4 Photometric sensitivity

The estimate of the limiting magnitude depends on the seeing conditions.
During our instrument calibration nights, FWHM of the star profile was
never below 1.4" in the Ks band. To estimate the photometric sensitivity,
we observed crowded standard star fields (Hunt et al., 1998) and obtained
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the estimated magnitude versus magnitude error plot. Figure 8.16 shows
the J, H and Ks magnitudes versus their magnitude errors obtained for the
sources in the AS 40 field (Hunt et al., 1998) for 170 sec of exposure at 40o

elevation on a night with seeing of 1.8". The photometry was carried out
with an aperture of radius 1 FWHM.

FIGURE 8.16: J, H and Ks magnitudes versus magnitude
errors plot for the sources in the AS 40 field, taken with 170
sec of total exposure. The photometry was carried out with

an aperture of radius 1 FWHM.

Figure 8.17 shows the exposure time required for 0.1 mag error (10%)
photometry for various star magnitudes on a typical night. It is generated
by calculating the signal-to-noise (S/N) ratio for slope fitting (Robberto,
2007) and integrating the entire S/N ratio contribution for a given Gaussian
star profile of FWHM=1.6" and photometric aperture of radius 1 FWHM.

FIGURE 8.17: Exposure time required for 0.1 mag error
(10%) photometry versus star magnitudes in the J, H and

Ks bands.

Exposure time calculator

The S/N ratio calculation in the SUTR readout is slightly more complicated
than simple double-correlated readouts. We have made an exposure time
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calculator for TIRSPEC, which first creates a model star profile based on see-
ing conditions, star magnitude, sky brightness and zero point magnitude of
TIRSPEC. The S/N ratio for a set of aperture radii is then numerically cal-
culated using gain, readout noise and number of non-destructive readouts
in the exposure using the error propagation formula of the SUTR mode (see
Robberto, (2007) for the equations). Figure 8.18 shows the screenshot of this
tool.

FIGURE 8.18: Screenshot of the S/N ratio estimator. Var-
ious curves show the S/N ratio that can be obtained for
corresponding photometry aperture radius as a function of

exposure time per frame.

8.3.5 Spectroscopic sensitivity

Attainable spectroscopic sensitivity for different magnitudes were estimated
by taking spectra of faint stars. Figure 8.19 shows various estimates of ex-
posure time required for a continuum S/N ∼ 10 in single order mode. It is
quite sensitive to the FWHM of the star profile as well as the accuracy in
centering of the star inside the slit. We have found that spectra of stars upto
12 mag in the J, H and K bands can be obtained under typical (1.6" seeing)
night conditions.

FIGURE 8.19: Various estimates of exposure time required
in single order mode for S/N ∼10 in continuum in the K
band versus K band magnitude of the source on typical

nights observed from HCT site.
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8.3.6 Color equations

For accurate (1%) broad band photometry, we need to correct for the filter
response with stars of different color. Coefficients of 1st order color equa-
tions were obtained by fitting a straight line to magnitude zero points of
standard stars with a wide range of colors. To establish the color equations,
we have observed the color ranges from 0.45 to 2.5 for J-Ks, 0.35 to 1.76 for
J-H, and 0.06 to 2.83 for H-Ks. To improve the statistics, we simultaneously
fitted the slopes of many standard star fields, letting the airmass correction
term free to vary from one field to another. Standard star fields were taken
from Hunt et al., (1998) and red standard stars from Persson et al., (1998).
The color correction equations obtained for TIRSPEC at HCT site for cali-
brating to 2MASS magnitudes are the following.

J −K =0.97± 0.03 ∗ (j − k) +βJK

K − k =0.11± 0.03 ∗ (J −K) +βKk

J −H =1.00± 0.05 ∗ (j − h) +βJH

J − j =0.12± 0.04 ∗ (J −H) +βJj

H −K =0.82± 0.07 ∗ (h− k) +βHK

K − k =0.07± 0.03 ∗ (H −K) +βKk

(8.1)

8.3.7 Field of View distortions

To measure any distortions in the FoV, we used the coordinates of 2MASS
sources in a crowded field observed with TIRSPEC. After matching the co-
ordinates of stars in the TIRSPEC image with the 2MASS field, we used the
geomap tool in IRAF7 to obtain second order transformation coefficients
to quantify FoV distortion. A third degree general polynomial fit was also
done to study the FoV distortions. Figure 8.20 shows the measured devia-
tion from linear FoV in the array plane. The units are in arcsec. Significant
FoV distortions are found only towards the edge of the array.

8.3.8 Sample Images and Spectra

During the engineering runs, to test the scientific capabilities of the in-
strument, we observed various astrophysical sources in imaging as well
as in spectroscopy modes. The objects observed range from star-forming
regions, transient sources like young low mass star eruptive variables, no-
vae (Ninan et al., 2013a), supernovae (Srivastav et al., 2016) and Wolf Rayet
stars to objects like white dwarfs, our solar system planets, and stars from
various positions in the main sequence Hertzsprung-Russell diagram. Fig-
ure 8.21 shows color composite images created from the J, H and Ks im-
ages of some of the sources observed with TIRSPEC. Figure 8.22 shows the
near-infrared spectra obtained from various kinds of sources taken with
TIRSPEC.

7IRAF is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy, Inc., under cooperative agree-
ment with the National Science Foundation.
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FIGURE 8.20: The colour map shows the magnitude of de-
viation from the linear estimate of FoV in units of arcsec.

FIGURE 8.21: Various RGB color composite images gener-
ated using TIRSPEC J (blue), H (green) and Ks (red) images.
On the left is NGC 7538 (star-forming region), at the middle
is V2494 Cyg (FU Ors family of outburst source), and on the

right is SN2014J (Supernova in M82).

8.4 Data Reduction Tool

I have developed a data reduction tool for analysis of TIRSPEC data to au-
tomate most of the steps in the near-infrared data reduction, without com-
promising on the quality of the reduced data. This semi-automated pipeline
requires human guidance only in tasks like flagging good and bad frames,
choosing sources of interest for photometry, etc. This tool is specially de-
signed for multi-epoch observations, where many nights of data of a par-
ticular source have to be reduced together. See Section 10.1 in Chapter 10
for more details on the TIRSPEC near-infrared pipeline. The latest version
of source codes (under GNU GPLv3+ license) are regularly updated on the
instrument website8.

8http://web.tifr.res.in/~daa/tirspec/

http://web.tifr.res.in/~daa/tirspec/
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FIGURE 8.22: Sample of the near-infrared spectra taken
with TIRSPEC. a) PV Cep (FU Ori kind of outburst source
with outflow jets), b) WR 6 (Wolf Rayet star), c) Nova Del
2013 (near-infrared Spectral evolution of Nova), d) Spec-
trum of Jupiter and its poles (K band spectrum is scaled for
clarity), e) Stellar Spectra of various main-sequence spectral

type stars.

8.5 Status

8.5.1 Upgrades and Repairs

Soon after the installation of the instrument at the Hanle site, the filter
wheels got stuck. We identified the problem to be an excessive contraction
of the aluminium holders which hold the steel ball bearings of the rotating
gear that turns the filter wheels. This was caused due to the lower LN2
boiling temperature at 4500 amsl altitude atmospheric pressure. In our first
repair mission, we made a clean room in Leh and widened the holder to the
required radius, before replacing the damaged ball bearings.

During the first few months of operation, we noticed slippage in the fil-
ter wheel positions. After extensive trouble shooting using the Hall sensor
readings, we identified the worm pin in the gear which was causing the
issue. It was rectified in a second repair mission to Hanle. We also replaced
our short 10′′ slits with 50′′ slits for better sky subtraction during this mis-
sion.
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During the dry, cold, 2013 Himalayan winter at Hanle, the moving stage
of the calibration mirror failed. This was also repaired in the second repair
and upgrade mission.

8.5.2 Current Status

After successful characterization and performance analysis runs on the tele-
scope, TIRSPEC was officially released to the astronomy community for sci-
ence observations from May 1, 2014. It is currently being used heavily by
various astronomers in India and abroad. Several refereed papers have al-
ready been published using TIRSPEC data in the fields ranging from study
of nearby local star formation regions to novae and extra-galactic astron-
omy. For my observations of the sources in the MFES program, as dis-
cussed in the Part I of this thesis, TIRSPEC was extensively used as the
main near-infrared imaging and spectroscopy instrument.
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Chapter 9

TIRCAM2 & TIFR Far-Infrared
Balloon-borne Telescope

Apart from the TIRSPEC, two other major instrument projects which I worked
on during my doctoral thesis work were TIFR Near Infrared Imaging Cam-
era - II (TIRCAM2) and 100 cm TIFR Far-Infrared Balloon-borne Telescope.
In this chapter, I present my contributions to both these instruments.

9.1 TIRCAM2

The Infrared Astronomy Group at TIFR had developed a near infrared imag-
ing camera, named TIRCAM1 (TIFR Near Infrared Imaging Camera - I), for
astronomical imaging applications. It was based on a SBRC1 InSb focal
plane array (FPA) (58 × 62 pixels), sensitive between 1 and 5.5 µm. As-
tronomical observations with TIRCAM1 were regularly carried out during
2001 - 2006 at the f/13 Cassegrain focus of the Mount Abu 1.2 m telescope
belonging to Physical Research Laboratory (PRL), India. The TIRCAM1
system and related work have been described in Ghosh and Naik, (1993),
Ojha et al., (2002), Ojha et al., (2003), and Ojha et al., (2006).

In 2007, TIRCAM1 was upgraded to TIRCAM2 with the aim of introduc-
ing a larger format detector array. The TIRCAM2 uses a Raytheon InSb FPA
(Aladdin III Quadrant 512×512 pixels), with a pixel size of 27 µm square,
and an f/9 re-imaging lens system. The quantum efficiency of this new ar-
ray is more than 80% from 1 to 5.5 µm. The TIRCAM2 system has seven
filters and one block disk. The FPA operates at 35 K and is cooled by a
closed cycle cooler. After the upgrade, I worked on the detector calibration,
optimal observation strategy, as well as on the data reduction procedures
for TIRCAM2. The observation tests and calibrations were conducted at 1.2
m Mount Abu PRL Telescope and 2 m IUCAA Girawali Observatory (IGO)
Telescope, Pune. Figure 9.1 shows the TIRCAM2 system mounted at the
direct port of the IGO telescope. My contributions presented in this chapter
on TIRCAM2 are published as a section in the TIRCAM2 instrumentation
paper, Naik et al., (2012).

9.1.1 Optimal observation strategy

The InSb array is sensitive upto 5.5 µm. This puts a much stronger require-
ment to optimise the data acquisition in the high background radiation
regime. By similar analysis procedure done for TIRSPEC, the dark current

1Santa Barbara Research Center
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FIGURE 9.1: Observational setup of TIRCAM2 at the 2 m
IGO telescope

and readout noise of TIRCAM2 FPA was measured at the IGO site. Dark
current was 12 e−/sec and the readout noise was ∼30 electrons, which is
comparable to the datasheet value of 10 to 50 electrons noise for the FPA.

We observed several bright infrared standard sources, the Trapezium
cluster in the Orion region, eruptive variables from our MFES program like
V1647 Ori, V899 Mon, etc., and a few galaxies in the J (1.20 µm), H (1.66
µm), K (2.19 µm) and nbL (3.59 µm) bands during the observational runs in
2011 – 2012. The typical seeing was 1 - 2 arcsec during the observations. We
obtained several dithered exposures of the targets in each of the NIR bands.
Typical integration times per frame were 10, 0.2, 0.2 and 0.02 s in the J , H ,
K and nbL bands, respectively.

9.1.2 Data Reduction

The images obtained by TIRCAM2 were written in FITS format and were
processed with IDL, Python and IRAF scripts. Observations were carried
out in 5-point dither pattern. We also obtained several dithered sky frames
close to the target position in each NIR band. Overall, the NIR images went
through the standard pipeline reduction procedures like electronic gain cor-
rection, bad pixel masking & correction, dark/sky-subtraction, flat-fielding,
co-adding images, and magnitude calculation. A stable, but non-uniform
illumination was found in the TIRCAM2 images. These were removed by
subtracting blank sky images before the flat fielding step. Instrumental
magnitudes were extracted using the iraf daophot/phot and apphot/phot tasks.
Photometric calibration was done from the observations made on the same
nights, of the United Kingdom Infrared Telescope (UKIRT) standard stars,
at airmasses close to that of the target observations.

9.1.3 Performance

Fig. 9.2 shows a few sample images (clockwise from top left: Trapezium clus-
ter in the J-band and in the K-band, NGC 5866 lenticular galaxy, McNeil’s
nebula, NGC 4567 & NGC 4568 twin galaxies and BS 2943 star) taken with
TIRCAM2 using the 2 m IGO telescope.

Limiting Magnitudes

The limiting magnitude obtained from the analysis of the Trapezium cluster
field is 16.3 (Tint ∼ 1050s) and 14.5 mag (Tint ∼ 164s) in the J and K bands,
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FIGURE 9.2: A few sample images (∼2.3 arcmin x 2.3 ar-
cmin) taken using TIRCAM2 mounted on the 2 m IGO tele-

scope.

FIGURE 9.3: The faintest star (BS 2721) observed in the nbL-
band with a total integration time of 0.5s. Its L-band mag-

nitude is 4.08.

respectively. In the nbL-band, the faintest object we observed was BS 2721
from the IGO on 2011 February 17, having an L-band magnitude of 4.08
(Tint ∼ 0.5s). Fig. 9.3 shows the image obtained by combining 25 dithered
frames. Typical integration time per frame was 0.02s.

Assuming a similar sky condition, we estimated the limiting magnitude
in the nbL-band for a longer exposure time. The limiting magnitude was
taken to be the magnitude of the star which has its peak of flux profile at
5σ level above background, where σ is the background noise. From our BS
2721 image we obtained a sky σ of ∼ 0.40 ADUs for a 0.1s dithered frame.
Combining 5 such frames reduced the σ to ≈ 0.16 ADUs. As expected, this
is indeed reducing as

√
N . Assuming the same sky condition, we estimated

the flux ratio of a limiting magnitude star with respect to BS 2721. Combin-
ing this with the 1√

t
fall of the background standard deviation σ, we get the

limiting magnitudeMlimit = 4.08+0.828+1.25 log t . Note that, this is valid
for the same atmospheric condition as of 2011 February 17 at IGO (FWHM
∼ 1 arcsec). Using the above formula, if we observe for 1 hour then the
expected limiting magnitude comes out to be 9.3 in the nbL-band. Fig. 9.4
shows the plot of limiting magnitude in the nbL-band versus total exposure
time.
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FIGURE 9.4: The limiting magnitude with 5σ detection cri-
teria in the nbL-band (3.59 µm) as a function of exposure
time in seconds. The atmospheric conditions are assumed

to be similar to 2011 February 17 at IGO.

Our limiting magnitude is determined by the background σ. If the back-
ground flux reduces by X magnitude then the limiting magnitude will in-
crease by X

2 magnitude.

Linearity in nbL-band

To check the linearity of counts in the nbL-band, we took the data of those
nights where 3 or more standard sources were observed. Fig. 9.5 shows
the plot of instrumental magnitudes calculated using log of ADUs/sec ver-
sus standard L-band magnitudes from the UKIRT. The plot shows that our
array is linear in this regime.

It is interesting to compare the Spitzer-IRAC values of saturation limit
in the 3.6 µm band. For a frame time of 2s, the point source saturation limit
in the IRAC 3.6 µm band is < 7.92 mag. TIRCAM2 can therefore be used
to observe the range of magnitudes brighter than the saturation limit of the
Spitzer-IRAC.

9.1.4 Summary (TIRCAM2)

The upgradation of the near infrared camera TIRCAM2 to utilize a 512×512
InSb array and additional narrow-band filters for use at the focal plane of
Indian 2 m class telescopes was successful. The systems were tested and the
observing runs of TIRCAM2 at the IUCAA 2 m telescope at Girawali and
PRL 1.2 m telescope at Gurusikhar were quite successful. We could observe
sources in the nbL-band (∼ 3.59 µm) from the Girawali (altitude ∼1000 m)
and Gurusikhar (altitude ∼1722 m) sites. Our estimate of the limiting mag-
nitude shows that TIRCAM2 can be used to observe the bright magnitude
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FIGURE 9.5: Instrumental magnitudes from log of
ADUs/sec versus actual L-band magnitudes from UKIRT,
showing linearity of TIRCAM2 in the nbL-band (red

squares – IGO data, blue squares – Mount Abu data).

range at 3.6 µm below Spitzer-IRAC saturation limit. After calibration, TIR-
CAM2 was used for our MFES program described in Part I of this thesis.
This is the only imaging camera available in the country which can observe
upto nbL-band in NIR. Recently, we shifted TIRCAM2 to India’s largest
ground-based telescope, 3.6 m Devasthal Optical Telescope (DOT), Naini-
tal. TIRCAM2 is currently mounted on the primary port of 3.6 m DOT.
From our calculations, we expect a factor of 2 improvement in the signal-
to-noise ratio, and hence, an improvement in the limiting magnitude by
0.75 mag on DOT.

9.2 TIFR Far-Infrared Balloon-borne Telescope

Balloon-borne far-infrared (FIR) observations were initiated at TIFR in the
early 1970s. Balloon & Telescope designing, manufacturing, and flights are
conducted from TIFR Balloon Facility at Hyderabad, India. Early telescopes
were relatively small in size. The 100 cm TIFR FIR balloon-borne telescope
(T100) currently used had its first flight in 1983. Over the last 3 decades, it
has undergone many upgrades and has conducted FIR observations from
120 to 220 µm wavebands (Ghosh et al., 1988; Ghosh, 2010). The back-
end instrument currently used on this telscope is a scanning Fabry Perot
Spectrometer (FPS), tuned to map the most dominant cooling emission line
of [C II] at 158 µm.

Since the FIR sky background varies quite fast (even at ∼30 km alti-
tude), this telescope during its initial phases was mostly observed in the
sky chopped mode by wobbling the secondary mirror. However, more sen-
sitive observations can be done in the fast spectral scan mode using FPS
where sky chopping is not done. In the following sections, I present the al-
gorithm developed for generation of optical and FIR maps in un-chopped
mode of observation.
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9.2.1 Optical map generation

In order to obtain greater accuracy in pointing and aspect of the telescope,
there is an array of photo diodes at the focal plane of the telescope, which
can map an optical image of an offset field of view. This offset is well cali-
brated. Hence, this optical map can be used to correct the aspect of the FIR
map. However, in the un-chopped mode of observation, since there is no
chopping of the optical signal, it is too noisy to be directly used for generat-
ing an optical map. In the following subsections, I outline a wavelet-based
signal processing step that I have designed to filter out noise from the un-
chopped noisy photo diode signals.

The PDA Signal

The photo diode array (PDA) consists of 8 photo diodes placed in a line.
Each photo diode gives an independent time series output proportional to
the amount of optical light imaged on to it. The raw output signal is nega-
tively correlated to the flux. We measure a dip in the voltage signal as a star
enters the field of view (FoV) of the diode and the signal rises back when
the star exits the FoV. Figure 9.6 shows the typical signal we obtain from a
photo diode as a bright star enters and leaves the FoV of the photo diode
when the telescope scans the sky. Some of the photo diodes were found to
be faulty and their signals had to be discarded. As the telescope executes
the raster scan of a region in the sky, the same star can enter the field of a
photo diode multiple times during each elevation scan (see Figure 9.6). All
of these multiple dips in the time series data will get associated with a sin-
gle star once we fold the time series data to fill a matrix of sky image using
the telemetry information from the telescope.

FIGURE 9.6: Sample raw signal from a photo diode as a
bright star enters and leaves the array multiple times during

the telescope scans.

Unlike the signal from a bright star shown in Figure 9.6, signals from
most of the stars are only slightly above the noise level. We need to filter
out the noise to generate a clear optical map of the sky. In the following
subsections, I explain the algorithm designed for this noise removal. All the
processes are done offline. This is currently incorporated into the existing
data analysis pipeline of the telescope.
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Signal Processing

The filtering was designed to be done in two sequential stages (see Figure
9.7). In the first stage, we use a finite response band pass filter to remove
easily separable high frequency noise and low frequency bias fluctuations.
To remove noise from the regions where there are no stars, in the second
stage we further refine the filtering using wavelet decomposition. This re-
duces the background noise in the final optical map.

FIGURE 9.7: The raw signal is first passed through a band
pass filter and its output is further processed by a wavelet
filter. The final clean signal is used by the later stages of the

pipeline to generate an optical map of the sky.

Band Pass Filter

In the first stage, the high frequency noise and low frequency bias shifts
are easily removed by a band pass filter. The filter is designed to have its
high frequency cut off low enough to remove maximum amount of high
frequency noise without affecting the star light signals. Similarly, the low
frequency cut off is kept high enough to remove maximum low frequency
fluctuations in signal without affecting star signals. A finite impulse re-
sponse filter was designed using scipy.signal.firwin22 task. The designed
bandpass filter is represented by the following 32 filter coefficients.

[ 6.11690260e-05, -1.73726203e-04, -6.92609440e-04, -1.69394736e-03,
-3.20690168e-03, -4.84671557e-03, -5.65165527e-03, -4.12661487e-03,
1.44407175e-03, 1.24589456e-02, 2.93909828e-02, 5.13268588e-02,
7.58569138e-02, 9.94196437e-02, 1.18052519e-01, 1.28351336e-01,
1.28351336e-01, 1.18052519e-01, 9.94196437e-02, 7.58569138e-02,
5.13268588e-02, 2.93909828e-02, 1.24589456e-02, 1.44407175e-03,
-4.12661487e-03, -5.65165527e-03, -4.84671557e-03, -3.20690168e-03,
-1.69394736e-03, -6.92609440e-04, -1.73726203e-04, 6.11690260e-05 ]

To make sure this stage does not introduce any filter delays, we pass the
signal twice, once forward and then backwards through this filter.

In this simple band pass filter, we do not utilise any temporal informa-
tion to adaptively remove noise. In the next stage, we do a wavelet de-
composition, and utilise the information across the frequency spectrum to
remove noise adaptively at each epoch in the data stream.

Wavelet filtering

The output of the bandpass filter from the previous stage is taken as input to
this stage. Wavelet decomposition of a signal is fundamentally the same as

2firwin2 is for designing finite impulse response filters in the signal submodule of Scipy
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separating out the components of the signal into different frequency bands
using a bank of band pass filters. The shape of the band pass filter is de-
cided by the mother wavelet we choose for wavelet decomposition. It is usu-
ally good to choose a standard, orthogonal mother wavelet which resem-
bles the signal we are searching for. Then, the convolution of the wavelet
with the signal will provide maximum correlation value. Since our stellar
signals look like gaussian dips in the time series data, we chose to use sym-
lets 43 wavelet. Figure 9.8 shows the symlets 4 mother wavelet we used for
detecting dips in our signal.

FIGURE 9.8: The mother wavelet chosen to detect gaussian
dips in signal: symlets 4.

Wavelet decomposition, basically creates a filter bank of band pass fil-
ters by scaling this mother wavelet. Figure 9.9 shows the filter bank analogy
of wavelet decomposition. The low pass (LP) output is recursively split into
two, by another set of low and high pass filter pairs created by scaling the
mother wavelet.

FIGURE 9.9: In the filter bank analogy of wavelet decompo-
sition, the low pass filter output of the signal is recursively
passed through more pairs of high pass (h) and low pass (g)
filters, and they generate the wavelet transform coefficients
at each level. The final frequency band decomposition is
as shown in the diagram below. The exact shape of each
band pass is decided by the mother wavelet. Image cour-

tesy: Wikipedia

3http://wavelets.pybytes.com/wavelet/sym4/

http://wavelets.pybytes.com/wavelet/sym4/
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When we do a Stationary Wavelet Transform (SWT)4 of the signal, we
will get a set of coefficients for each of the high pass (HP) output shown
in Figure 9.9. Hence, for a 1-dimensional input signal we will have N sets
of 1-dimensional coefficients forming a 2-dimensional Spectrogram. The
value of N is decided by the level upto which the recursive band pass fil-
tering is done in the filter banks (i.e., the number of decomposition steps
in SWT). SWT has more redundancy than the discrete wavelet transform
(DWT), but it gives us more freedom to change the coefficients without af-
fecting the inverse reconstruction of the filtered signal. Even though DWT
is not redundant like SWT, due to the down sampling5 of the band pass out-
puts, we cannot independently change the coefficients without affecting the
proper reconstruction of the signal.

Figure 9.10 shows a typical SWT spectrogram of our PDA signal. The
X axis of the spectrogram is time, and Y axis shows the frequency bands
(highest frequency at the bottom and lowest frequency at the top). The
color map represents the absolute value of the coefficients. The vertical
white patches across various filter bands are the epochs when a star entered
the field of view.

FIGURE 9.10: The spectrogram of the output signal from the
bandpass filter of a region containing many bright stars. X
axis is time. Each row in Y axis is coefficients from different
high band pass levels in SWT decomposition. The bright

regions are where signal from the star is present.

A few of the lower most and higher most bands which do not contain
any information are directly set to zero.

The algorithm described below is designed to remove the noise from
epochs without star signal.

1. Start processing from the lowest frequency band coefficients and pro-
ceed to higher frequency band coefficients (i.e., top to bottom rows in
the spectrogram).

4SWT is also known by other names like Undecimated Wavelet Transform (UWT), Re-
dundant Wavelet Transform, etc.

5this affects the time translation invariance of the coefficients.
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2. Partition the row of coefficients along the time axis into blocks with a
partition size equal to the size of the reconstruction filter of that level.

3. For each block, check whether the standard deviation in the coeffi-
cients of the block is above a certain threshold (1.5 times) of the stan-
dard deviation in any of the blocks on both sides.

4. If yes, then check whether the blocks in the coefficients of previous
(atleast 3) lower frequency band levels at that epoch were also signif-
icant.

5. If yes, we identify this block as star signal and proceed to the next
block.

6. If any of the previous conditions are not satisfied, it is taken to be a no
star region and the coefficients in that block are all set to zero.

This algorithm is pictorially shown in Figure 9.11.

FIGURE 9.11: The wavelet filtering algorithm to remove
noise from regions without star signal.

The final output of this algorithm will be a spectrogram with all the co-
efficients of the regions without signal from star are set to zero. Figure 9.12
shows the spectrogram after zeroing the coefficients using this algorithm.

The output spectrogram is then finally converted back to 1-dimensional
signal by inverse stationary wavelet transform (ISWT) with the same mother
wavelet. This gives us the final noise free PDA time series signal to be used
for the optical sky map generation. Optionally, we can also put a cut off to
threshold only the significant star signals while generating the final map.
Figure 9.13 shows an optical map generated by successful implementation
of this algorithm. The stars in the field were identified, and their calculated
centroid was used to correct the aspect of the FIR map.

9.2.2 FIR map generation using Fabry-Perot spectrometer

An FPS tuned to 158 µm [C II] line designed at ISAS6, Japan was used with
the T100 telescope. Details of the instrument setup is described in Mooker-
jea et al., (2003).

6Institute of Space and Astronautical Science
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FIGURE 9.12: Output spectrogram of the input raw spectro-
gram shown in Figure 9.10 obtained by the context aware

zeroing of regions without star signal.

The signal

In the un-chopped mode of observation, the scan of a wavelength window
around 158 µm is carried out at a much higher speed than the spatial scan
speed of the telescope. This enables us to complete, on an average, atleast
one full scan of the spectral window before telescope pointing shifts to the
next pixel area in the raster scan. There is no sky chopping by the secondary
mirror in this mode of observation. In the following subsection, I briefly
outline the FIR map generation algorithm I wrote for the un-chopped mode
of observation.

FIR map generation algorithm

The telemetry of the telescope system is used to bin and tag the output
of the FPS into a 2-D grid of points with a pixel size of 0.5 arcmin. The
encoder reading of the wavelength scan is pre-processed by matching with
the triangular waveform of the control signal. This is used to separate the
upscan signal from the down scan of the FPS. Due to the hysteresis involved
in the wavelength scan cycle, the upscan data is processed separately from
the down scan data. At the final stage, after calibration, we merge the two
FIR maps from both the scans.

After removing any outliers due to any packet corruption during the
downlink of the data, a moving average baseline of the spectral window is
generated using the signal from regions along the edges of the raster scan.
This generation of background template is done iteratively to use only the
regions which do not have [C II] line emission.

Once these moving average background templates are generated, back-
ground is subtracted from all the data points using the nearest neighbour
background template. The FPS’s resolution is much poorer than the width
of [C II] line emission, hence a Lorentzian profile is taken as a good model
for the instrument profile.
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FIGURE 9.13: Sample result: an optical map generated us-
ing the wavelet filtering algorithm. The X and Y coordinates
are in pixels (0.5 arcmin/pixel) in elevation and cross eleva-
tion axis. Centroid of the stars from this optical map is used

to correct the aspect of the FIR map.

The center and width of the Lorentzian profile is taken to be a shared
single free parameter for all the pixels in the map. The line strength, and
the continuum are independent parameters for each pixel. This constrained
model is then fitted to all the background subtracted data simultaneously.

The above algorithm was implemented with enough modularity to al-
low for flexible line models with various constraints. Once the map is gen-
erated for up and down scans separately, they are merged together to obtain
a single map and a world coordinate system (wcs) calibration is applied.

Final flux calibration is done using the peak count measured from Sat-
urn observation taken during the same flight. Figure 9.14 shows the FIR
maps generated for two star-forming regions, NGC 2024 and RCW 36, us-
ing this map generation algorithm.

FIGURE 9.14: 158 µm [C II] line flux maps of star forming
regions, NGC 2024 (left) and RCW 36 (right), generated us-

ing the FPS data reduction algorithm.
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Chapter 10

Data Pipelines

The observations for our long-term MFES program were spread over hun-
dreds of nights using various optical as well as near-infrared instruments
(see Chapter 2). For studying the long-term time variability of our sources,
it was important to have a consistent reduction procedure for data from
all the nights. Over a period, an automated pipeline also reduces the time
required to be spent on data reduction for doing science.

Since the quality of reduction is crucial for our science, the key philos-
ophy in the design of the pipeline is not to compromise on the quality of
data reduction, even if that means compromising on the ability of full scale
automation. For instance, the complex, yet crucial step of visual inspec-
tion of raw data to discard anything unusual has not been automated. On
the other hand, reducing human inputs is vital for making the code less
susceptible to human errors, and to save time via automation. Hence, the
pipeline was designed to minimise the human input whenever we have a
good algorithm without compromising on the reduction quality.

The pipeline was also designed to be general enough for use by other
users of the instrument. As a by-product of this work, I released a general
pipeline for all these instruments for use of the general astronomy commu-
nity. In order to reduce the overheads in learning reduction of data from
new instruments, while switching between multiple instruments, the inter-
face of the pipelines was designed to be similar. By re-factoring the imple-
mentation of fundamental data reduction procedures to be independent of
the instrument, we isolated the instrument specific processing steps from
the common fundamental steps. Thus, multiple instruments could be in-
corporated into the same pipeline. In the following sections, I outline the
basic steps in the near-infrared and optical data reduction pipelines that
were developed.

10.1 TIRSPEC Pipeline

The TIRSPEC, mounted on the side port of the 2 m HCT, is a near-infrared
spectrometer and imager (see Chapter 8). TIRSPEC and the telescope are
controlled remotely by the observer from The Centre for Research & Edu-
cation in Science & Technology (CREST), Hosakote, IIA, Bangalore (India)
via a satellite link. In one typical night of observation, the SUTR1 data ac-
quisition mode in which TIRSPEC is operated, can generate upto 50 GB of
raw data. With the existing satellite link bandwidth, it is not possible to
download all the raw data to the control room in Bangalore on the same

1Sample up-the-ramp
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day. Hence, we had to separate our TIRSPEC data reduction pipeline into
two parts. The first part, which generates the dark subtracted slope images,
is run automatically at the HCT site itself, on the TIRSPEC server. The sec-
ond part, which does the remaining data reduction, is run by the instrument
user.

10.1.1 Slope image generation

The slope image generation is the first part of the pipeline which is run on
the TIRSPEC computer server at Hanle. Figure 10.1 shows the block dia-
gram of the stages in this part of the pipeline. It logs file creation, generates
cosmic ray (CR) hit healed dark averages, does intelligent pixel masking to
recover from saturation or reset anomaly, dark subtraction and final slope
fitting (see Section 8.1.4 for more details on these algorithms). This fully
automated stage is run at the end of each night’s observation. The data
that is received by the observer at the Bangalore control room contains the
dark-subtracted slope images. Two log files which are generated are also
provided to the observer. One contains the log messages of the image gen-
eration pipeline, and other contains a summary of all observations done
during that night.

FIGURE 10.1: Block diagram of the Slope image generation
stage of the TIRSPEC pipeline. This part is fully automated

and runs on the TIRSPEC server at Hanle.
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This part of the pipeline also includes various routines for non-linearity
correction, CR hit removal, etc. If the user wants to work on the raw SUTR
data and reprocess it, the modular design ensures the same code can be
imported as a module in an interactive Python terminal to separately use
the collection of routines. Documentation is incorporated inside the source
code itself.

10.1.2 Near-infrared Photometry & Spectroscopy

The second part of the pipeline which does photometry or spectroscopy
data reduction is run by the user. This stage is controlled by a config-
uration file, which the user can configure to execute a photometry or a
spectroscopy pipeline. Figure 10.2 shows the block diagrams of this sec-
ond stage of the pipeline. The first five blocks which include steps like
identifying the targets, visual inspection of data quality, combining of the
same dither positions (which are automatically identified), flat correction,
and bad pixel interpolation are common to both the photometry and spec-
troscopy pipelines. In Figure 10.2, the blocks which have a human face smi-
ley represent blocks that need some human supervision. All the blocks are
independent and can also be run separately. The meta data for the pipeline
is passed on from one block to the next block via standard human read-
able text files. This provides more control on the flow of the pipeline to
advanced users, if they want to interrupt and intervene in the execution.

Photometry procedure

The sixth block onwards in Figure 10.2 a) are specific to photometry. The
combined multiple dithered images are aligned (if automatic alignment
fails, human supervision will be requested) and combined. Once the re-
duced images are generated, the pipeline asks the user to select stars of
primary interest, and visually identify good sky regions inside the first im-
age of that source. The pipeline will use triangular matching of the field
stars identified using sextractor to automatically update the star and sky co-
ordinates for all the subsequent images. These transformed coordinates are
used to do standard aperture photometry, as well as PSF photometry using
daophot IRAF binaries. The parameters for all these photometry steps are
controlled in the configuration file. Final magnitude outputs of photome-
try are written to a machine and human readable table.

Spectroscopy procedure

The sixth block onwards in Figure 10.2 b) are specific to spectroscopy data
reduction. An optional A-B, B-A subtraction is done if the user demands2.
The spectrum is traced, 1-D extracted, and automatically wavelength cal-
ibrated by matching with argon lamp templates. Once the wavelength-
calibrated spectra of the science target as well as a standard star are ob-
tained, one can use the Telluric Correction Tool (see below) to remove telluric
absorption lines from the spectra.

2It is not necessary, since TIRSPEC’s slits are quite uniform and HCT does not offer a fast
AB dithered observation mode. Hence, taking sky from both sides of the star suffices in case
of the TIRSPEC data.
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(a) Photometry

(b) Spectroscopy

FIGURE 10.2: Block diagrams of the Photometry and Spec-
troscopy pipelines. The blocks which have a human face
smiley represent blocks which need some human supervi-

sion.
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Telluric Correction Tool

Near-infrared spectra contain many telluric lines. They are removed by
dividing with the spectrum of a spectroscopic near-infrared standard star,
taken within a nearby airmass immediately before or after the target obser-
vation. Along with telluric lines, this step also removes the instrument re-
sponse and outputs a continuum-corrected spectrum3. This step also helps
in removing the fringes in the K band spectrum formed in the HAWAII-1
PACE array used in TIRSPEC. The Telluric Correction Tool is a fully inter-
active graphical software which removes the intrinsic stellar lines of the
standard star, aligns it to the science star, and scales it before dividing the
science star spectrum with it. Finally the tool applies black body temper-
ature correction to output a continuum-corrected spectrum of the source.
This continuum-corrected spectrum is finally scaled to the magnitude of
the source star to obtain the flux-calibrated spectrum of the source. This
fully interactive tool includes both, a deconvolution algorithm, as well as
a simple Gaussian subtraction algorithm to remove stellar lines of the tel-
luric standards. Figure 10.3 shows the paths one can choose through this
interactive tool to do telluric correction.

FIGURE 10.3: Block diagram of the fully interactive graph-
ical Telluric Correction Tool. Various paths one could take
through the blocks in this tool are represented by the ar-

rows.

10.2 Optical Photo-spec Pipeline

For our MFES program, various optical spectrographs and imagers like
HFOSC, IFOSC, and 512×512 ARIES camera were used (see Chapter 2).

3Provided the black-body temperature correction of the standard star is known.
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Similar to near-infrared instruments, various optical instruments also have
certain shared fundamental steps and a few instrument specific steps in the
data reduction procedure. Optical Photo-spec Pipeline was designed by
separating the instrument specific algorithms from the fundamental steps.
The interface was designed to be same as the near-infrared instrument pipeline.

The first step in the pipeline is the standardisation of important header
information required for reduction across various instruments into a log
file4. The sequence of the data reduction routines needed for each instru-
ment is also defined at the beginning. To add support for a new instru-
ment, it is only necessary to update the instrument specific Python class in
the source code. The rest of the reduction algorithms are all designed to be
independent of the instrument.

After standardisation of the data, depending on the instrument, a se-
lected chain of reduction routines are executed sequentially. The photome-
try and the spectroscopy steps are conceptually similar to the near-infrared
flowchart presented in the previous section 10.1.2. Similar to the near-
infrared pipeline, all the meta data is passed from one block to the next
block via human readable text files to provide for more control in the run-
ning of the pipeline.

10.3 SALT-HRS reduction tool

We used the High Resolution Spectrograph (HRS) on 11 m SALT for obtain-
ing high resolution (R ∼37000 & ∼12000) spectra of southern hemisphere
sources in the MFES program. We were the first group to publish results
using this instrument, and hence we had to develop our own SALT-HRS
reduction tool to reduce the HRS data.

10.3.1 Implemented Procedure

In this subsection, I briefly outline the implemented high resolution spec-
trum extraction procedure. Apertures of the echelle frame are first traced by
adaptive thresholding of the bright quartz flat spectrum. The flux in each
aperture is then summed along the axis perpendicular to the dispersion
axis. A small tilt of the slit with respect to this axis slightly degrades the
resolution of the final collapsed 1-D spectrum. In order to perfectly match
and align the emission lines in the sky spectrum and the target spectrum of
each aperture, the tool scales sky spectrum before subtraction. The scaling
factor is estimated using the flux of telluric emission line strengths in the
object and the sky spectra. It also shifts along the dispersion axis to correct
for any differential dispersion between the sky and the object spectra. Fi-
nally, wavelength calibration is done by identifying ThAr lines. For early
epoch observations with HRS, where the ThAr arc spectrum was taken only
through the sky fibre, our tool applies the shift correction obtained using
atmospheric emission lines. The wavelength-calibrated spectrum is finally
normalized with an iteratively fitted smooth continuum.

4To be safe, the pipeline will never edit the original data files or folders.
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10.3.2 Code architecture experiment

The SALT-HRS reduction tool is written purely in Python, making use of
scikit-image (Walt et al., 2014), scipy (Jones, Oliphant, Peterson, et al., 2001),
numpy (Walt, Colbert, and Varoquaux, 2011) and astropy (Astropy Collab-
oration et al., 2013). Its design was an experiment to test the concept of
combining the data reduction routines inside the data object itself. This ar-
chitecture is fundamentally different from the previous pipelines, where a
procedural programming architecture was followed, in which the pipeline
is a sequence of routine calls which passes data in fits format as inputs and
outputs.

The concept of incorporating data reduction methods into the data ob-
ject, initially seemed to be an appealing idea to keep all the methods asso-
ciated with a certain kind of data organised within itself. However, after
implementation, I concluded that this architecture is not good for astron-
omy data reduction applications, for the following reasons.

• Astronomy data reduction is a chain of procedures, which evolves
with time as new algorithms are written for different kinds of obser-
vations. However, the format of the data which is generated by the in-
strument is stable. When the reduction procedure is incorporated into
the data object, any minor change in the reduction procedure perco-
lates to a change in the data object, potentially making it incompatible
with previous versions of reduced data.

• In practice, astronomy data pipelines often need to be interrupted and
certain procedures bypassed or inserted for special cases. Mixing data
and reduction procedure makes this really hard to manage.

• Since astronomy pipelines often need to be restarted from a certain
step, this architecture introduces the unnecessary issues of keeping
track of the state of the reduction done inside the data object. Any
change in the reduction procedure could easily make the previous
partially reduced data incompatible.

10.4 Status

All the pipelines developed for various instruments are publicly released
under GNU GPL v3+ license. Codes are version controlled and hosted
on Github pages, and they are being constantly updated and improved
as more and more users provide feedback and suggestions. Almost all
the parts of the pipelines are written in Python, using standard modules
used by the astronomy community, like astropy5, numpy6, matplotlib7 and
PyRAF8.

The modular implementation with inbuilt documentation designed to
be reusable has enabled many other users to use them in their own pro-
grams or instrument pipelines.

5Astropy Collaboration et al., (2013)
6NumPy is the fundamental package for scientific computing with Python (Oliphant,

2007)
7Hunter, (2007)
8PyRAF is a product of the Space Telescope Science Institute, which is operated by AURA

for NASA



144 Chapter 10. Data Pipelines

The TIRSPEC near-infrared imaging and spectroscopy pipeline is heav-
ily used by the user community of TIRSPEC. Several refereed publications
have already been published using this pipeline.

The Optical Photo-spec Pipeline is also used by some of the user com-
munity of the optical instruments. Due to its versatile architecture, support
for many new instrument are being implemented into the pipeline regu-
larly.

The SALT-HRS reduction tool, is also used in several publications. How-
ever, it is not being further developed and in the near future the routines
from this pipeline will be incorporated into PYHRS, which will be the offi-
cial reduction tool (currently under development) for the SALT-HRS instru-
ment.
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Conclusion

As part of my doctoral thesis work, I carried out a long-term multi-wavelength
monitoring of FUors and EXors Sources (MFES program). The observa-
tions were carried out in optical, near-infrared, and radio wavelengths us-
ing primarily the 2 m class telescopes in India (HCT and IGO Telescope), 11
m SALT in South Africa, and GMRT in India. The data included hundreds
of nights of observations spanning from 2008 to 2016.

In this chapter, the major results from this thesis work are summarised.

11.1 Part I : On episodic accretion and Outflows from
YSOs

Bimodal classification of FUors and EXors is probably unreal
Our detailed characterisation of V899 Mon as well as V1647 Ori showed
both these sources demonstrated a mixture of properties seen in clas-
sical FUors and EXors. Both these sources are still undergoing out-
burst and their timescales are more than EXors but less than classical
FUors. Spectroscopically, they are more like EXors but a few charac-
teristics are similar to FUors. Hence, we propose V1647 Ori and V899
Mon as a new intermediate class of eruptive variables. This family of
episodic accretion outbursts probably has a “continuum” distribution
and is not bimodal in nature.

Transition to short period quiescence between two outbursts of V899 Mon

Due to our continuous monitoring MFES program, for the first time
in the family of eruptive variables, we could spectroscopically moni-
tor the transition from the first outburst to a short period quiescence
and back to the second outburst of V899 Mon. This gave significant
insights on the temperature variations as well as the evolution of out-
flows during the transition phases of eruptive variables. We identified
that the flux was reddest during the transition phase, which indicates
the flux at the onset of the outburst was cooler than the stellar color
temperature during the quiescent phase.

Inadequacy of disc instability models
We showed the long, second outburst seen in both V1647 Ori and
V899 Mon cannot be explained by the ‘S-curve’ disc instability mod-
els like the thermal and magnetorotational instability models. Using
the α-disc parametrisation of viscous disc, we proposed the likely sce-
narios in the inner disc region which could explain the observed time
scales in the light curves.
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Instability in magnetospheric accretion as the cause of short breaks
The disc instability models cannot explain the short period quiescence
we observed in V1647 Ori and V899 Mon. Based on the time scales
of the rise time and the duration of the second outburst, we showed
that the mechanism needed to explain the short break between the
first and the second outburst should be capable of temporarily paus-
ing the accretion without fully draining the inner disc below a critical
density (like the disc instability models do). The heavy outflows and
large turbulence detected just before V899 Mon transitioned to qui-
escent phase seemed to indicate a highly dynamic unstable activity
in the magnetospheric accretion. Comparing with the simulations of
the instability in the magnetospheric accretion in the literature, we
proposed this as the most consistent mechanism which can explain
all the traits we observed during the transition phases. These mech-
anisms can pause the accretion temporarily without having to drain
the disc and can easily resume as soon as the magnetic fields stabilise
with a sharp rise in the light curve.

Direct detection of accretion - outflow correlation
From our V899 Mon observations, for the first time we could directly
detect the outflows, traced by the P-Cygni profiles of Hα and Ca II IR
triplet lines, disappearing below the detection limit when the accre-
tion rate dropped during the quiescent phase. We also detected re-
sumption of the outflows during the second accretion outburst. This
confirms the accretion driven outflow models.

Detection of episodic magnetic reconnection winds in V1647 Ori
We detected short duration episodic (few weeks timescale) outflow
winds in V1647 Ori, which is at an inclination angle of ∼ 61o. From
our analysis, we proposed that these are likely to be magnetic recon-
nection winds.

First detection of magnetically accelerated polar winds
Our high resolution multi-epoch spectra of V899 Mon showed fast
episodic winds in timescales of a few days. Such variations have
never been reported in any young stars. Our analysis showed mag-
netically accelerated polar winds seen in simulations by Kurosawa
and Romanova, (2012) and Romanova et al., (2009), which is a weak
field case of the propeller-regime, is the most likely outflow driv-
ing mechanism. They can have the large velocity changes and the
timescales we detected in the outflow from V899 Mon.

Hierarchical Bayesian model to constrain outburst frequency
We developed a framework for a powerful, flexible hierarchical Bayesian
model which can be used to constrain the period of FUors and EXors
outbursts using all the available multi-epoch, multi-wavelength pho-
tometric data of YSOs in the literature. Our simulations showed the
model is powerful enough to constrain the outburst frequency much
more than simple binomial model methods, and that they can also
give quantitative probability on comparison between the outburst fre-
quencies across different classes of YSOs. This is extremely funda-
mental to the study of the evolution of outbursts and its influence on
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the protoplanetary disc as the system evolves. This model also en-
ables us to constrain the decay timescale of FUors outbursts.

11.2 Part II : Instrumentation

In this section, the current status of the instruments and pipelines which
were developed as part of this thesis are summarised.

TIFR Near Infrared Spectrometer and Imager (TIRSPEC)
After taking part in the development, I conducted repairs, upgrades
and carried out detailed calibrations of TIRSPEC on HCT. The instru-
ment has been released for astronomical observations from May 2014.
It is currently heavily used by the community on 2 m HCT. It is the
first public near-infrared spectrograph in the country. Several sci-
ence results from local star formation to extra galactic studies have
already been published by various groups using my calibrations and
pipelines.

TIFR Near Infrared Imaging Camera - II (TIRCAM2)
After carrying out calibration of the upgraded TIRCAM2, it was ex-
tensively used for science observations from 2 m IGO telescope. Re-
cently we have shifted TIRCAM2 to the largest telescope in India, the
3.6 m DOT in Nainital. TIRCAM2 is the only camera in the country
which can image in the L’ band (3.6 µm).

100 cm TIFR Far-Infrared Balloon-borne Telescope
The wavelet filter signal processing I developed has enabled us to im-
prove the pointing and aspect of the 100 cm TIFR Far-Infrared Balloon-
borne Telescope while operating in fast un-chopped mode. We will be
having our next balloon flight by the end of 2016. The pipeline for the
FIR Fabry-Perot spectrometer on this telescope is also successfully im-
plemented and it generates clean maps of 158 µm [C II] line emission
as well as continuum.

Unified NIR and Optical Pipelines for multiple instruments
By separating out the instrument specific parts from the general al-
gorithms of optical and near infrared data reduction, I developed
two modular pipelines for NIR instruments and Optical instruments
for reducing both photometry as well as spectroscopy data. These
pipelines currently support more than five different instruments, and
more instruments are incorporated as they are commissioned. Sev-
eral science results have already been published in refereed journals
by various groups using these pipelines.

11.3 Future work

We have demonstrated that the FUors and EXor systems are the best labo-
ratories to test any accretion-outflow models. While it is possible to mea-
sure instantaneous outflows by carrying out high resolution optical spec-
troscopy, it is difficult to estimate the instantaneous accretion rates by us-
ing the line fluxes alone. Simultaneous long term X-ray observations along
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with high-resolution optical and near-infrared spectroscopy will give a bet-
ter understanding of the relationship between the accretion and the outflow
mechanisms.

Continuing the long-term multi-wavelength monitoring of all the avail-
able FUors and EXors will provide more insights on the environmental ef-
fects of these episodic outbursts on the protoplanetary discs. Modelling the
effect of the outbursts on the chemistry of the disc, snow-line, dust struc-
ture, etc., needs to be carried out for each source and can in principle be
verified by conducting observations with ALMA1.

The hierarchical Bayesian model, we have developed, shows very promis-
ing results in our simulations. Codes written for the model are directly ap-
plicable to the real data. Hence, the next step is to compile all the available
multi-epoch, multi-wavelength photometric observations of the YSOs and
to fit the model to them.

On the instrumentation side, lots of new exciting instruments are being
developed in the country. The expertise from TIRSPEC, TIRCAM2, etc, will
be invaluable for the next generation instruments we are currently develop-
ing at TIFR, namely TANSPEC2 and IRSIS3. TIRSPEC can also be upgraded
to the more modern H1RG detector array to keep the instrument competi-
tive for the next decade.

1Atacama Large Millimeter Array
2TIFR-ARIES Near Infrared Spectrograph
3Infrared Spectroscopic Imaging Survey (satellite)
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Appendix A

List of Sources in the MFES
Program

List of sources in our long-term multi-wavelength monitoring program of
FUors and EXors Sources (MFES). All the coordinates are in J2000.0 epoch.

Name RA (hh mm ss) Dec (dd mm ss)
OO ser 18 29 49.130 +01 16 20.65
IRAS 18341-0113 18 36 46.494 -01 10 41.57
V710 Cas 00 36 46.30 +63 28 54.1
V1515 Cyg 20 23 48.02 +42 12 25.8
PV Cep 20 45 53.943 +67 57 38.66
V2492 Cyg 20 51 26.184 +44 05 20.51
V2493 Cyg 20 58 17.025 +43 53 43.39
V2494 Cyg 20 58 21.093 +52 29 27.70
V2495 Cyg 21 00 25.38 +52 30 15.5
V1331 Cyg 21 01 09.210 +50 21 44.77
V1735 Cyg 21 47 20.66 +47 32 03.6
V733 Cep 22 53 33.26 +62 32 23.6
V1180 Cas 02 33 01.539 +72 43 26.92
V710 Cas 00 36 46.30 +63 28 54.1
IRAS 04376+5413 4 41 35.8 +54 19 20.0
NY Ori 5 35 36.0 -5 12 25
V1118 Ori 5 34 44.8 -5 33 42
V1143 Ori 5 38 03.9 -4 16 43
V2775 Ori 5 42 48.49 -08 16 34.74
FU Ori 5 45 22.36 +09 04 12.40
V1647 Ori 5 46 14.0 -00 05 40.1
V1184 Tau 5 47 03.8 +21 00 36
V899 Mon 6 09 19.3 -06 41 55.4
V900 Mon 6 57 22.224 -08 23 17.64
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