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Abstract. Although the star-formation process has been studied for decades, many important aspects of the
physics involved remain unsolved. Recent advancements in instrumentation in the infrared, far-infrared, and
sub-millimeter-wavelength regimes have contributed to a significantly improved understanding of processes in
the interstellar medium (ISM) leading to star formation. The future of research on the ISM and star formation
looks exciting with instruments like the JWST, ALMA, etc., already contributing to the topic by gathering
high-resolution high-sensitivity data and with several larger ground- and space-bound facilities either being
planned or constructed. India has a sizable number of astronomers engaged in research on topics related to
the ISM and star formation. In this white paper invited by the Astronomical Society of India to prepare a
vision document for Indian astronomy, we review the Indian contributions to the global understanding of the
star-formation process and suggest areas that require focused efforts both in creating observing facilities and
in the theoretical front in India, to improve the impact of our research in the coming decades.
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1. Introduction

The interstellar medium (ISM), the matter, radiation,
and magnetic field (B-field) in the vast space between
the stars, is a major constituent of the galaxies. For
a Milky-Way like galaxy, the ISM mass (~10'0 My;
Misiriotis et al. 2006) is about 10-15% of the total
stellar mass of the galaxy (~6 x 10'° My; Licquia &
Newman 2015). In the context of star formation stud-
ies, molecular clouds can be viewed as the fundamental
ingredients of galaxies since they are the channels that
transform the diffuse atomic interstellar gas into stars.
Given that most of the volume in the Milky Way is
filled by atomic gas several times more diffuse than
molecular gas, understanding the transition to dense
molecular gas and the evolution of molecular clouds
is an important first step in the study of star formation.
Observational studies of the molecular ISM have shown
that it consists of structures over a wide range of sizes,
ranging from giant molecular clouds and filaments on
large scales (100-10 pc) to cores (Jackson et al. 2006;
André et al. 2010; Molinari et al. 2010) and protostellar
disks (0.1-0.001 pc) on the small scales. Fragmentation
of the filamentary structures leads to the formation of
dense and cold prestellar cores, which eventually evolve
into protostars. Due to the range of scales involved and
the fact that molecular clouds are highly dynamic, star
formation in molecular clouds is inherently a multi-
scale phenomenon with different physical processes
(e.g., gravity, turbulence, B-fields, and stellar feedback)
having the potential to govern the outcome at different
scales.

While the role of gravity and turbulence have been
explored in the past, improved understanding based on
polarimetric observations suggests that the B-fields play
an important role in the formation of cloud substructure
by setting preferred directions for large-scale gas flows
in molecular clouds and also directing the accretion of
material onto star-forming filaments and hubs. After the
formation of a seed protostellar object, accretion, and
outflow are central to the question of an assemblage of
material from the envelope of the core to form stars.
The process of protostellar evolution with the core is
relatively well understood for the low-mass stars com-
pared to their massive counterparts (Tan 2015). Unlike
the latter, an observational sequence is established in
the former, where multiple factors (including obser-
vational limitations) have led to a deficiency in our
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understanding of the detailed evolutionary sequence.
Various theories have been proposed to understand the
formation of massive stars, and itis now believed mainly
that global collapse and accretion on larger scales can
play a significant role in their formation, unlike the
core-collapse scenario considered for low-mass stars
(Zinnecker & Yorke 2007; Motte et al. 2018). How-
ever, the detailed physical mechanisms that regulate the
inward flow of the gas onto the central star and the
outward ejection of material in the form of jets and
winds from the protostellar system remain a mystery.
The accretion of material onto the protostar through
a disk and ejection via jets and outflows are widely
thought to be related, and episodic events have been
observed in both cases, albeit independently.

The mass distribution of stars expressed as the stellar
initial mass function (IMF) is a fundamental property
of star formation, offering key insights into the physics
driving the process as well as improving our understand-
ing of stellar populations, their by-products, and their
impact on the surrounding medium (Hosek ez al. 2019).
The physical state of the gas (including temperature,
pressure, metallicity, and turbulence) determines which
pockets of gas fragment and collapse, and thus, ulti-
mately, the mass of the stars formed (Hopkins 2018).
Based on the stellar IMF, the massive stars (m, > 8§ M)
correspond to only 1% of the stellar population (Massey
2003). However, owing to their significant impact on
their surroundings through the injection of vast amounts
of radiative and mechanical energy in the form of stel-
lar winds, outflows, radiation pressure, photoionization,
and supernovae (Kennicutt 1999), the feedback from
the massive stars governs the star-formation efficiency
of molecular clouds (Elmegreen 2011; Hopkins et al.
2014). An additional challenge to the star-formation
studies lies in the fact that stars rarely form in isolation,
and our Sun, being single, maybe an exception. With
nearly half of solar-type stars in the field having a com-
panion (e.g., Raghavan er al. 2010; Duchéne & Kraus
2013) and the trend being even higher in star-forming
regions (e.g., Tobin et al. 2016a), multiplicity is a ubiq-
uitous feature across the H-R diagram that deserves
significant attention.

Circumstellar discs or protoplanetary discs surround-
ing the young stellar objects (YSOs) provide the build-
ing material for planet formation. Understanding the
physical and chemical nature and the evolution of pro-
toplanetary discs is essential to interpreting the planet
formation mechanisms and the demographics of the
resulting planetary systems. The journey of gas from
diffuse atomic through diffuse and dense molecular
to protostellar and protoplanetary disks and planets is
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closely influenced by the astrochemistry occurring in
it. Thus, the chemistry of the ISM is intricately related
to the initial compositions of planetary bodies; hence,
it is crucial to understand the origin of bio-molecules
on planets like the Earth. The molecules detected in
the ISM are (i) useful probes of the physical conditions
and lifetimes of the environments and (ii) the build-
ing blocks of more complex molecules (Herbst & van
Dishoeck 2009; Jgrgensen et al. 2020).

This article attempts to capture the cycle of interstel-
lar gas leading to star and planet formation and presents
detailed discussions on the following topics:

1. The neutral ISM: From Diffuse Atomic to Giant
Molecular Clouds;
2. Initial conditions for star formation: Filaments to
Cores;
. Roles of B-Field and Turbulence in Star Formation;
Accretion, Jets and Outflows;
5. Measuring the Low mass end of IMF and the way
forward;
6. Feedback of High-Mass stars on the ISM;
7. Formation and evolution of binary and multiple star
systems;
. Planet-forming disks and protoplanets; and
9. Astrochemistry of ISM, protostars, and protoplanets.

:lkb.)

oo

The present understanding of the topics of star for-
mation is based on the data from both ground and
space-based observatories operating in X-ray, UV, opti-
cal, infrared, submillimeter, millimeter, and radio tele-
scopes that have also provided a point of comparison
for more massive, distant, and clustered star formation.
The physical conditions in the star-forming gas imply
a significant role of high-resolution infrared and sub-
millimeter and millimeter observatories, which have
become available only during the past decade and a
half with observatories such as the Herschel Space
Observatory, Atacama Large Millimeter/submillimeter
Array (ALMA), GAIA and now the James Webb Space
Telescope (JWST). The impact of these observatories
is significant in providing impetus to observational
studies of star and planet formation as well as theoreti-
cal and numerical modeling and laboratory astrophysics
experiments.

For each of these selected nine science topics, we
describe the status of research at the global and national
levels, some key questions, Indian contribution to the
field, and future prospects. The requirements for new
facilities or upgrades in existing ones regarding tele-
scopes, instruments, and computational machines are
also discussed.
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2. Neutral ISM: From diffuse atomic to giant
molecular clouds

2.1 Global status and open questions

The primary mechanism of transformation from warm
diffuse phase to cold, dense clouds is considered to
be the development of non-linear thermal instability
triggered by the propagation of shocks in the Warm
Neutral Medium (WNM; n ~ 1 em™3, T ~ 8000
K) and by converging flow of WNM. Alternatively, a
series of shocks and converging flows cause the WNM
to break into a multi-phased medium with a clumpy
Cold Neutral Medium (CNM), which is a hundred
times denser and cooler than the WNM. Other mecha-
nisms for collecting masses, such as agglomeration (or
coagulation) of smaller clouds, converging flows driven
by stellar feedback or turbulence, spiral arms passage,
cloud—cloud collisions, shock-wave passage, and large-
scale instabilities, have also been proposed. Recent
high-sensitivity surveys of the Galaxy using multiple
tracers of ISM phases and star formation (e.g., THOR
survey; Beuther er al. 2016), along with advances in
theoretical and computational work, have improved our
understanding of the ISM and star-formation process.
Survey of the far-infrared [C1I] emission using Herschel
and Stratospheric Observatory For Infrared Astronomy
(SOFIA), as well as comparison of diffuse Gamma-ray
emission and H121 cm maps have provided evidence for
the existence of a component of the dense ISM termed
‘dark molecular gas’ (Wolfire et al. 2003) producing lit-
tle or no CO emission, possibly comprising of material
in transition from diffuse to dense molecular gas.
Many open questions remain about the key physical
processes in the multi-phase ISM. The ISM is observed
to have rich, small-scale structures, presumably arising
from turbulence (e.g., Dickey et al. 2001; Stanimirovi¢
et al. 2010). However, the details of the nature of tur-
bulence, including energy injection/dissipation scales
and mechanisms, are poorly understood. The different
theories of the formation and evolution of molecular
clouds require us to understand the driving mechanisms
of supersonic turbulence and how it is sustained. In
literature, the proposed mechanisms for supersonic tur-
bulence are B-fields, protostellar outflows, H1I regions,
supernovae, and ongoing mass accretion (Goldbaum
et al. 2011). The first four of these mechanisms have
been explored to a certain extent. Still, the role of the
accretion of new material in driving turbulent motions is
yet to be studied thoroughly. The cloud mass accretion
via atomic gas can be traced using neutral and ionized
carbon, which are expected to be the dominant form
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of carbon in such gas (Heyer ef al. 2022). Similarly,
in the standard multi-phase model of the ISM, most of
the ISM is expected to be in the stable thermal phases
within a narrow range of thermal pressure (Field et al.
1969; Wolfire et al. 2003); however, the recent obser-
vations (e.g., Heiles & Troland 2003; Murray et al.
2018) of a large fraction of atomic gas in the so-called
unstable phase, and its connection with the strength and
nature of turbulence in the ISM, are not well understood
(e.g., Hennebelle & Audit 2007; Federrath et al. 2021).
A recent in-depth study of the filamentary properties
of the CNM structures shows evidence of alignment
of HI by small-scale magnetohydrodynamic (MHD)
dynamo (Kalberla et al. 2020, 2021). These large fil-
amentary molecular clouds of ~100 pc scales are also
found in the Galaxy (Jackson et al. 2010), with some
associated closely with nearby spiral arms (Goodman
et al. 2014). On the observational front, key unsolved
questions are related to the detailed constituents and
properties of the interstellar dust and their connection
with the diffuse interstellar band (Snow et al. 1998).
There are many useful insights from simulations and
observations regarding the formation and evolution of
molecular clouds from atomic ISM (e.g., Inoue & Inut-
suka 2012; Inutsuka et al. 2015), but many important
debates are far from being settled. In particular, the rel-
ative importance of gravity, turbulence, and B-field in
this process is yet to be completely understood.

2.2 Research and status of the field in India

Indian researchers have worked on some of the key
questions described above and have made important
contributions towards answering them. Several studies
aimed towards understanding the thermal phases of the
atomic gas using 21 cm observations (e.g., Mohan et al.
2004; Kanekar et al. 2011; Roy et al. 2013; Patra et al.
2018; Basu et al. 2022; Patra & Roy 2024) establish the
prevalence of atomic gas that is not in stable thermal
phase. Studies of the density and the velocity fluctua-
tions to understand the nature of interstellar turbulence,
primarily in the diffuse atomic gas (e.g., (Deshpande
et al. 2000; Dutta et al. 2014; Choudhuri & Roy 2019;
Koley & Roy 2019), as well as in supernova remnants
(Saha et al. 2021) have also been performed. Observa-
tions and numerical modeling have been carried out to
understand the driving mechanism and scale as well as
the nature of turbulence on a large scale from the 21 cm
observations of atomic hydrogen (Nandakumar & Dutta
2020, 2023; Vishwakarma & Dutta 2020). Patra et al.
(2022) have shown that in star-forming regions located
at the outer Galaxy, the conversion factor between the
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mass of dense gas and line luminosities of its tracers
HCN and HCO™ is quite similar to factors used in extra-
galactic studies. Search for potential bones/spurs in the
Galactic arms using SEDIGISM CO survey (Schuller
et al. 2017) has revealed extremely long (~2—4 kpc)
scale filament structures like the Gangotri wave (Veena
etal. 2021). Theoretical investigations of the origin and
properties of Galactic Cosmic Rays (CR) suggest the
possibility that discrete Supernovae explosions may be
responsible for CR acceleration and find that an injec-
tion rate of one supernova in every ~0.03 Myr can
explain the y-ray profile observed (e.g., Bhadra et al.
2022). Direct measurements of the ISM B-field strength
have also been done using tracers of different density
ranges (Koley et al. 2021, 2022).

2.3 Key science questions and future goals

The relative distribution of gas in the different phases of
the ISM (Roy et al. 2017), and whether the ratio of the
gas in different phases is constant or evolving, has been
a long-standing question. There is mounting observa-
tional evidence for previously undetected phases of gas
in the form of the CO-dark diffuse molecular gas or in
Hr self-absorption. However, understanding the depen-
dence on physical conditions is still an open issue. A
rather long-term effort would be to trace out the detailed
morphological and dynamical structure of the Galaxy,
including different atomic and molecular phases. This
would include the organization and characteristics of
H1 and molecular filaments, the inter-cloud collisions
and their effect on star formation, the formation and
evolution of molecular clouds, characteristics of turbu-
lence, and their relation to dust and B-field structures.
While turbulence is understood to play a major role in
determining the dynamics and morphological evolution
of the Galaxy, the relative importance of the different
driving mechanisms over different length scales and
their interplay require investigation. These need to be
complemented with studies of the B-fields in diffuse
atomic and molecular phases, possibly using large-scale
Zeeman surveys with HI, CH, CS, CCS along with
polarized continuum (DCF) to trace the 3D B-field
structure.

Addressing these questions require both theoretical
investigations and numerical simulations incorporating
different physics as well as well-planned observa-
tional investigations using multiple tracers (Lauroesch
& Meyer 1999) along the same or nearby lines of
sight (Roy et al. 2006). Along with the targeted stud-
ies, long-term projects like the low-frequency survey
of the Galactic plane using the uGMRT and Dispersion
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Herschel ~
250 pm

Figure 1.

Measure mapping using the uGMRT can be considered
important aspects of addressing discoveries.

3. Initial conditions for star formation: Filaments
to cores

Several surveys of the galactic plane and nearby star-
forming regions have revealed the near-ubiquitous
presence of filamentary molecular clouds. The frag-
mentation of these filamentary structures in the cold
molecular ISM leads to the formation of dense and cold
prestellar cores (Figure 1), which eventually evolve into
protostars. Further, some filaments intersect at locations
called ‘hubs’ (Figure 2), the preferred sites for high-
mass star formation arising from high surface density
due to mass being channeled towards hubs through the
filaments. One overarching task for understanding star
formation in hubs and filaments is to know how the dif-
ferent scales are connected, which physical processes
dominate on which scales, and establish a universal
route to star formation from giant molecular clouds.

3.1 Global status, and open questions

Understanding the initial phases of star formation
requires the characterization of the coldest and densest
parts of molecular clouds (e.g., density and temper-
ature profile, kinematics, chemistry, etc.). In the last
decade, several dedicated wide-field surveys either
in dust continuum (primarily in the 800-1100 pm
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300

(a) Herschel /SPIRE 250 pum dust continuum image of the Taurus filament and (b) IRAM 1.25-mm dust continuum
image, showing star-forming cores (adopted from André 2017).

—_—

1 3co

12co

Figure 2. Cartoon illustrating formation of star clusters at
the nexus of filamentary flows in the Galactic giant molecular
cloud G148.244-00.41 (adopted from Rawat et al. 2024a).

range) or molecular line emission (mainly CO isotopo-
logues) sampling the galactic plane and several nearby
clouds have been carried out using single-dish facili-
ties such as ATLASGAL and SEDIGISM surveys with
14-m APEX (Chile); BGPS with 10.4-m CSO (Hawaii);
JPS, GBS, COHRS, CHIMPS with 15-m JCMT (Hawaii);
GRS with 14-m FCRAO (Massachusetts); FUGIN with
45-m Nobeyama (Japan); MOPRA-CO and ThrUMMS
with 22-m MOPRA (Australia), and MWISP with
14-m PMO (China). Details of all the surveys above
can be found in Schuller er al. (2021). Similarly, sev-
eral targeted observations or mini-surveys have been
taken up using high-resolution interferometric facilities
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such as ALMA in Chile, NOEMA in France, and SMA
in Hawaii (e.g., Motte et al. 2022). These high-cadence
surveys and the results from Herschel’s observations
have significantly improved our understanding of star
formation. A few notable results from these surveys
are: (i) only a small fraction of the GMC material
(<20%) lies in filaments and participate in star for-
mation; (ii) core-to-star formation efficiency is likely
between 20% and 40% (e.g., André et al. 2010; Konyves
et al. 2015); (iii) the origin of the IMF in the range
~0.1 to ~5 Mg, is likely driven by turbulence (André
2017); (iv) the growth of clumps/cores that are embed-
ded within supercritical filaments is related to the gas
dynamics, both perpendicular to and along the filament
(e.g., Peretto et al. 2014); and (v) filaments themselves
are composed of bundles of closely spaced velocity
coherent structures, called fibers with distinct physical
properties and low-mass cores are tied with these fibers
(Hacar et al. 2018).

On the theoretical side, multi-scale numerical simu-
lations, incorporating some of the physical processes for
arange of reasonable initial conditions with and without
B-fields, have also been carried out worldwide and have
been extremely helpful in explaining the formation of
different types of filaments and the net outcome of star
formation with them (e.g., see Pineda et al. 2022, and
references therein).

Despite the significant progress, there are several
questions, for which no global consensus has yet been
reached. These include, but are not limited to: (i)
What controls the fragmentation properties (thermal vs.
turbulence) of super-critical filaments? (ii) Are the frag-
mentation properties of filaments scale-dependent? (iii)
How do massive supra-jeans cores form inside the fil-
aments for massive star formation to occur? (iv) Are
dense cores isolated objects as they are located within
hierarchically small-scale structures such as fibers and
streamers? (v) What are the density profiles of the pre-
stellar cores, and how do they evolve with time? (vi)
What is the lifetime of pre-stellar cores, and how does
the chemical evolution of cores proceed? (vii) Do iso-
lated cores and cores in massive clumps have the same
profile, lifetime, and chemical clock?

3.2 Research and status of the field in India

The star-formation processes can only be studied using
sub-mm observations, which can probe such cold, dense
environments. Due to the lack of sub- and millime-
ter band facilities in the country, over the last decade,
the involvement of Indians in this field is mostly based
on available low-resolution archival datasets, focusing
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primarily on the structures and kinematics of the large-
scale structures of the ISM and star formation within
them. These studies are important in their own way
and have improved our understanding of many key
questions, such as the formation of dense gas and star
formation within them at the nexus of hub filamentary
system (e.g., Baug et al. 2018; Dewangan 2021; Rawat
et al. 2024a) or cloud—cloud collision (e.g., Dewangan
et al. 2018; Issac et al. 2020; Dey et al. 2022), the
influence of bipolar HII regions on the star-formation
processes in the ambient filamentary molecular clouds
(Samal et al. 2018; Mookerjea 2022), likely large-
scale collapse processes (e.g., edge collapse) of the
filaments (e.g., Dutta et al. 2018; Dewangan et al.
2019), star formation processes in the inter-winded fil-
aments (Dewangan et al. 2021), the role of B-fields
compared to gravity and turbulence on the stability of
dense structures in the filamentary environment (e.g.,
Eswaraiah et al. 2020, 2021; Sharma et al. 2020a,
2022b), and likely fragmentation processes of the fil-
aments (e.g., Samal et al. 2015; Veena et al. 2018).
Recently, a few studies have probed star formation at
the level of clumps and cores using high spatial resolu-
tion observations with ALMA and SMA. These include
the physio-chemical properties of low-mass cores (e.g.,
Sahu et al. 2018), accretion process in the vicinity of
massive young stellar objects (e.g., Dewangan et al.
2022), and role of turbulence on the star-formation pro-
cesses of the cores (Baug ef al. 2021; Saha et al. 2022;
Pandian er al. 2024). Dewangan et al. (2024a) used
JWST NIR images to discover an IR-dark HFS can-
didate (extent ~0.55 pc) towards the previously known
massive protostar G11P1.

3.3 Key science questions, future goals, etc., from an
Indian perspective

A few key questions on the formation of star or star-
cluster in the filamentary structure of the ISM include:
(i) How exactly does the accretion occur in the filamen-
tary environment from large-scale to the smallest scale?
(i1)) How to refine the fraction of matter in a GMC that
resides in filaments, clumps, and cores? (iii) How can we
derive better constraints on the evolutionary status and
evolutionary history of clumps/cores by tracing their
chemical composition? (iv) What is the nature of turbu-
lence at different scales and its role in making structures
and star formation within them compared to B-fields
and gravity? and (v) How to test various modes of clus-
ter formation through kinematics and demographics of
cores in cluster-forming clumps? The answers to many
of these questions lie in the understanding of how the
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physical, kinematic, and chemical properties are related
and how they vary at different scales for a wide vari-
ety of environments (e.g., the Central Molecular Zone,
the outer Galaxy), and how the relationships between
different scales influence the outcome of star-formation
processes. These goals necessitate observation of a large
number of molecular clouds using both single-dish as
well as interferometric sub-mm/mm facilities in multi-
ple molecular lines and thermal dust continuum. Indian
astronomers are working on many puzzling questions
that exist in the field but in pieces. A dedicated survey
aiming to map a few molecular clouds in a coherent
way from large-scale to small-scale would be highly
valuable in this regard and would be able to provide
information on both physical and dynamical properties
of the gas, tracing gas motions and angular momentum
from cloud to core scale.

4. Role of magnetic fields and turbulence in
star formation

4.1 Global status and open questions

B-field and turbulence are found to play crucial and
interesting roles in star formation and evolution of
molecular clouds and cores where stars form (Pattle
et al. 2022). However, a complete understanding of the
individual and relative importance of these two com-
ponents vis-a-vis gravity is still rather incomplete. In
recent years, there has been a significant increase in
the number of efforts to understand the B-field and
turbulence in the ISM. B-fields are found pervading
all different phases of the Galaxy (Ferricre 2020).
Numerical simulations (Seta & Federrath 2022; Gent
et al. 2023) and observations (Bracco et al. 2020;
Borlaff er al. 2021) show that properties of B-fields
differ with ISM phases. Several observational stud-
ies are now available where B-fields are mapped, and
their properties are studied in different star-forming
regions at different evolutionary stages and in differ-
ent environments. Soam et al. (2024) have recently
reviewed observations, numerical models, and relevant
instrumentation that address the role of B-fields and
turbulence in the formation of stars.

Similar to B-fields, roles played by turbulence in star
formation are found to be a crucial thing to explore.
Turbulence is found to play a dual role; on the one
hand, it counterbalances gravity and prevents the col-
lapse of cores to form stars; on the other, in the
cold and dense ISM, supersonic turbulence leads to
shocked gas compression, facilitating star formation.
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Larson (1981) reported a positive correlation between
size scale and velocity dispersion in the sites of star
formation. There are several studies supporting this cor-
relation (Mac Low & Klessen 2004; Krumholz et al.
2005; Elmegreen & Scalo 2004; Hennebelle & Chabrier
2008). The creation of turbulence can be a result of
mechanisms such as accretion, spiral shocks, galactic
shear, magneto-rotational instability, and, more gener-
ally, gravity-driven turbulence (Krumholz et al. 2018).

Several numerical models have been developed to
understand the role of B-fields and turbulence in star for-
mation (Brucy et al. 2020; Grudi¢ et al. 2021; Mathew
et al. 2022). Some of these models explore the pri-
mary reasons behind inefficient star formation and the
dependence of IMF and the rate of star formation on the
mode of turbulence (Federrath et al. 2021; Mathew et al.
2022). One of these models on star cluster formation
has reported that the inclusion of outflows may affect
the results by reducing the star-formation rate, enhanc-
ing fragmentation, and affecting IMF to the lower mass
side (Mathew & Federrath 2021).

Polarization of starlight and polarized thermal dust
emission are found to be powerful tools to map inter-
stellar B-fields in different wavelengths. In the last many
years, various observing facilities secured polarime-
ters for measuring polarization signals on different
scales of star-forming regions. These instruments cover
polarization measurements from optical to sub(mm)
wavelengths. Some of these instruments which were
used to observe polarized signal towards several regions
are ARIES Imaging Polarimeter (AIMPOL) on the
Sampurnanand telescope (Rautela er al. 2004), SIR-
POL on the InfraRed Survey Facility (IRSF; Kandori
et al. 2006), James Clerk Maxwell Telescope (JCMT)’s
POL-2 polarimeter (Friberg et al. 2016) on the SCUBA-
2 camera (Holland et al. 2013) operating at 850 and
450 pm, Balloon-borne Large-Aperture Submillimetre
Telescope for Polarimetry (BLASTPol: 250, 350, 500
um, (Galitzki et al. 2014), Mimir on the Perkins Tele-
scope (Clemens et al. 2007), SOFIA’s HAWC+ camera
(Harper et al. 2018) operated in five bands from 53 to
214 pm, and ALMA (Cortes et al. 2016).

4.2 Status of research in India

The Indian community has contributed significantly to
understanding B-fields in the ISM. We used the lim-
ited available facilities, such as the AIMPOL and the
IUCAA Imaging POLarimeter (IMPOL), to produce B-
field maps and study their properties in different regions
of the ISM (e.g., Soam et al. 2019; Eswaraiah et al.
2019, 2020; Bijas et al. 2023; Kumar et al. 2023). Some
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Figure 3. Compilation of B-field morphologies traced in different regions of the ISM. These regions include (a) bright-
rimmed cloud (BRC) L1172/1174 cloud complex (Saha et al. 2021), (b) BRC IC 63 in the vicinity y Cas (Soam et al. 2017),
(c) starless core L1521E (Sharma er al. 2022a), (d) giant molecular cloud G148.24+4-00.41 (Rawat et al. 2024b), and (e) Taurus

cores (Eswaraiah ef al. 2021).

of the results compiled from those and other studies
are shown in Figure 3. Later, the community extended
the work towards understanding grain alignment the-
ories using the observed results (Soam et al. 2021).
We are developing more instruments like AIMPOL
and IMPOL, including NICSPol (Aarthy et al. 2019)
and EMPOL (Ganesh et al. 2020) at Mt. Abu observa-
tory. Indian researchers are involved in larger projects
worldwide where attempts are made to map B-fields in
the galactic plane using instruments like JCMT /POL-
2. More details on available, ongoing, and upcoming
polarimeters in India are included in a recent study by
Soam et al. (2024).

4.3 Key science questions and goals

The key science question in star formation is to pin-
point the exact roles of B-fields and turbulence in this
process at different scales and in different environments.
There is a lot of progress in mapping B-fields in the
ISM and studying the energy budget (i.e., comparison
between magnetic, turbulent, and gravitational forces)
in those regions. Several large surveys across the world

are ongoing these days to study B-field properties using
polarization in multi-bands. Multi-wavelength observa-
tions help in tracing field properties at different spatial
scales. Some important areas, however, require further
study (Pattle et al. 2022; Soam et al. 2024).

These include answering some questions on how
B-fields and gas couple together (Mestel 1966) and
govern various physical processes in the ISM. How do
B-fields actually help in cloud formation and fragmen-
tation of long filaments into smaller dense cores where
stars form? How are the circumstellar disks formed, and
how are the outflows launched? Does B-field have a role
in these phenomena? Is it B-fields alone, or are there
other agents that interact with B-fields and aid star
formation?

5. Accretion, jets, and outflows

One of the first signatures of the early phases of proto-
stellar formation is jets and outflows, which are easy
to locate based on the effects that they cause in the
surrounding parent cocoon. They are observed across
the entire stellar mass spectrum, from brown dwarfs to
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massive stars suggesting a universal launching mecha-
nism (Ray & Ferreira 2021). They are believed to carry
away and dispel excess angular momentum from the
protostellar system to the outer regions. There have been
numerous surveys carried out to characterize jets, and
outflows (Bally 2016). Most of these are carried out
using the kinematics of molecular line tracers. Jets have
mostly been detected through the shocks they produce
when they interact with the ISM and have been often
used as a pointer for active star formation in a cloud.
It is widely accepted that the jets are associated
with magnetized disks (Arce & Sargent 2004). This is
because disks, unlike jets and outflows, are more diffi-
cult to observe directly as they require very high angular
resolution imaging. Although disks are known to exist
for a substantial part of the protostellar and early main-
sequence phase, here we will focus only on the early
phases where active accretion of envelope material is
occurring in the disks. The accretion process occurring
in young protostellar systems is often probed through
strong emission lines of hydrogen and calcium (Hart-
mann et al. 2016). The accretion of material onto the
protostar through a disk and ejection via jets and out-
flows are widely thought to be related and episodic.

5.1 Global status and open questions

The accumulation of envelope material to protostars
and the ejection in the vicinity through jets and winds
are being actively pursued worldwide through indi-
rect observational measures and simulations. This is
because it is relatively difficult to probe in the imme-
diate vicinity of the protostars on the scales at which
these operate, which is about tenths to tens of au’s
(Li et al. 2014). The inflow of gas from the envelope
to a disk-like structure has been investigated, and few
studies have claimed to have detected the centrifugal
barrier that marks the flow of gas from the envelope to
the disk around the protostar (Sakai et al. 2014; Csen-
geri et al. 2018). Efforts are on to build and carefully
characterize the accretion, disk mass, and protostellar
properties of large samples of YSOs in Class 0 and
Class I phase (Fiorellino et al. 2022). Accretion rates of
material flowing into the protostellar photosphere, and
imprinted in spectra are being used to infer the proper-
ties of the infalling gas (Campbell ef al. 2022). FUors
and EXors are classes of objects that are being studied to
understand the accretion-related outburst phenomena in
low-mass pre-main sequence stars (Audard et al. 2014).

Some nearby low-mass disk-jet systems have been
examined at high angular resolution using ALMA, and
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diverse properties have been determined such as super-
fast rotation (>20 km/s) of jets (Matsushita et al.
2021), toroidal B-field using molecular line polariza-
tion measurements (Lee er al. 2018), radial flow close
to launch suggesting a magnetic-centrifugal launch of
jets (Lee et al. 2022). In jets from massive protostars,
ionization fraction has been ascertained, which helps
understand the coupling of matter with B-field (Fedriani
et al. 2019). lonized gas measurements are also being
investigated in massive jets near the collimation zone,
indicating the presence of a wide-angled wind with
a collimated jet (Rodriguez-Kamenetzky et al. 2022).
However, these are isolated examples, and a larger sam-
ple is necessary to gain a comprehensive understanding
of these processes. Regarding the assembling of matter
in the protostellar stage, studies at multiple scales are
beginning to indicate that for massive star formation,
the central high-mass protostar, the core, and the clump
accrete matter and grow in mass simultaneously (Yuan
et al. 2018). Studies of simultaneous infall and outflows
from massive cores suggest gravitational instabilities,
fragmentation, and episodic accretion events associated
with disks (Beltrdn et al. 2022). There is a large volume
of effort along these directions to understand the earliest
phases of star formation, particularly for massive stars.

Some of the open questions in the topic are: How
does accretion proceed from envelope to disk and disk
to protostar? In other words, how does the protostar
accumulate mass from the envelope? How does the pro-
tostellar mass and luminosity evolve with time? How
is the angular momentum of the protostellar system
transported out? Is it via winds/jets alone or through
B-field as well? What decides the relationship between
accretion and outflow? Both the accretion and ejection
of material are found to be episodic. What prompts
this? What is the exact launching mechanism (magnetic-
centrifugal or magnetic pressure-driven) of jets? At
what distance from the exciting source does the wind/jet
get initiated? What factors are responsible for the col-
limation of the jet? Is it related to inherent launch or
it is related to pressures from the surrounding medium
farther from the exciting source? Rotation and B-fields
are central to the problem of accretion and outflow of
material. What decides the relative alignment of these
axes and the effects on the accretion and outflow?

5.2 Research and status of the field in India

There are multiple groups working in various areas of
star formation in India. Accretion around low-mass stars
has been investigated through the variability of emis-
sion lines indicating episodic accretion in disks around
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(Left) Discovery of wind signature (traced by the P-Cygni profiles) disappearing during the short period of

quiescence in an episodically accreting protoplanetary disc system (V899 Mon). The wind profile reappeared after the target
came back to its high accretion rate (Ninan ef al. 2015). (Right) Two color-composite images of the central region of the
massive protostellar jet HH80-81 jet. The Spitzer 8 ;um broadband image is shown in red, and the NIR H, emission is shown
in green. The NIR [Fell] emission is overlaid as orange contours, cyan contours show ionized gas at 1300 MHz, and the
arrows depict outflows detected in this region. The white crosses represent massive cores that are believed to drive some of

the outflows (Mohan et al. 2023).

low-mass pre-main sequence stars and FUors. India has
a multi-wavelength, long-term monitoring program of
FUors and EXors (MFES). These are protoplanetary
disc objects that are detected to be undergoing a sud-
den episodic increase in their accretion rate by a factor
of ~100. This program has resulted in many discover-
ies, like the first observational evidence that the heavy
winds near the magnetosphere are powered by the accre-
tion (Figure 4(left)) (Ninan et al. 2015). This program
also showed the conventional disc instability models
cannot explain the short breaks seen in the outbursts of
V1647 Ori, and V899 Mon (Ninan et al. 2013), hinting
at some other unknown instability in the magnetosphere
for causing disruptions in the high rate of accretion. New
members of this variable class of FUors/EXors also
were discovered and characterized under this program
(Ghosh et al. 2022). These discoveries were all obtained
using an array of Indian observational facilities like
HFOSC, NIRSPEC and TIRSPEC on 2-m Himalayan
Chandra Telescope, IFOSC on 2-m Girawali Optical
Telescope, and TANSPEC and TIRCAM2 on 3.6-m
Devasthal Optical Telescope. The accretion around pro-
tostars using CO as tracers have also been studied as
a function of age (Manoj ef al. 2016). Massive proto-
stars, on the other hand, are being investigated through
the characterization of their outflows and possible disks
using the ALMA; see Baug er al. (2020), Dewangan

et al. (2022), and references therein for some represen-
tative work. In addition, high-resolution near-infrared
imaging has been used to characterize jets (e.g., Dewan-
gan et al. 2015; Mohan et al. 2023), Figure 4(right) for
an example. The GMRT is proving useful in examining
ionized gas from protostellar jets at low frequencies.
Both thermal (Issac et al. 2019) and non-thermal emis-
sions (Vig et al. 2018) from jets have been detected
using the GMRT. For these ionized jets, a numerical
model has been developed by Mohan er al. (2022)
to characterize the physical properties of the jet by
constraining the radio spectral indices. The footprint of
imaging studies involving accretion phenomena and jet-
launch close to the protostars has been relatively small in
India, largely due to the lack of access to high-resolution
(sub-arcsec resolution) imaging telescopes, particularly
at sub-millimeter wavelengths.

5.3 Key science questions and future goals from an
Indian perspective

The key science questions related to an assemblage of
matter onto a protostar are challenging even from a
global perspective. As mentioned, early results from
facilities capable of high-resolution observations have
just started to come in. Based on available facilities, the
Indian perspective would be to understand the infall and
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outflow rates by characterizing the accretion as well as
jets and outflows from protostars. This is because it is
relatively easier to study accretion through the kine-
matics of emission lines, and jets/outflows via their
kinematics as well as interaction with the ambient inter-
stellar medium. Multi-wavelength studies will play a
crucial role here, and studies in optical, infrared, radio,
and X-rays can be combined to give a coherent picture
of the phenomena under study. The studies in the past
have largely been based on isolated cases, and there is
a need of the hour to have large surveys with collabora-
tive efforts to get a global picture of these processes. A
comparison between the accretion and outflow rates in
a large number of young protostellar systems can shed
light on the mass census of the protostars. In addition,
the evolution of the protostellar systems through the
outflow properties can also be ascertained.

6. Measuring the lower mass end of the IMF and
the way forward

The physical state of the gas (including temperature,
pressure, metallicity, and turbulence) determines which
pockets of gas fragment and collapse, and thus ulti-
mately the mass of the stars formed.! Thus, the stellar
IMF is a fundamental property of star formation, offer-
ing key insight into the physics driving the process as
well as informing our understanding of stellar pop-
ulations, their by-products, and their impact on the
surrounding medium (Hosek et al. 2019).

6.1 Current status and open questions

The main focus of the study of the IMF is on constrain-
ing two of the most important characteristics of the IMF:
(a) the shape of the IMF at the lower mass end and
(b) the form of the IMF in different local conditions.
The theory has long predicted a significant boundary
of star formation around 1 to 10 Jupiter mass, below
which it is believed that fragmentation and collapse of
molecular cloud cores cannot occur. However, observa-
tions show that the IMF is almost feature-free, all the
way from the most massive stars down to 0.3-0.5 Mg.
Below 0.3-0.5 Mg, studies have shown that the slope
of the IMF becomes shallow, and below 0.1 Mg (100
Jupiter mass), it starts to decline. Hence, whatever the
nature of physical processes governing star formation,
they produce this turnover and decline of the IMF, with a

! https://ned.ipac.caltech.edu/level5/March18/Hopkins/Hopkins2.
html.
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likely boundary condition at some lower limit. This fur-
ther leads to the implication that at the low mass end,
the current fragmentation paradigm might need to be
replaced by a model which incorporates diverse phys-
ical processes, such as supersonic turbulence (Padoan
& Nordlund 2002), feedback effect of bipolar outflows
(Adams & Fatuzzo 1996) and ionizing radiation from
massive stars (Palla & Stahler 2000), and dynamical
interactions between protostars (Bate er al. 2002), to
mention a few. Subsequently, it is reasonable to con-
clude that the form of the substellar IMF governed by
these processes could further our understanding of the
star formation process itself (Gardner et al. 2006).
Numerous studies have given hints of the existence of
cluster-to-cluster variations in the IMF across the entire
stellar mass range. As no statistical study covers differ-
ent homogeneous local conditions, it is not yet known
how the IMF might behave across a wide range of envi-
ronments, such as those with extreme gas temperatures
and densities, high pressures, and low metallicities.

6.2 Research and status of the field in India

Numerous studies on mass function, based on the
sample of young and old open star clusters have been
already done, but for mostly higher mass bins (>1 Mg).
Recently, using wide-field deep optical and NIR data of
young star forming regions, the IMF slopes have been
constrained up to ~0.5 Mg (cf., Sharma ef al. 1934,
2012, 2017, 2020b; Ojha et al. 2009; Mallick et al.
2014; Jose et al. 2017, 2012; Kaur et al. 2020; Pandey
et al. 2020; Damian et al. 2021; Panwar et al. 2022, and
references therein). The main results of these studies
are: (a) there is a change in mass function slope at 1—
1.5 Mg also, (b) at higher mass bins (1-10 M), there
exists a variation of mass function slope in different
regions of our Galaxy (d < 3 kpc) and (c) massive stars
are generally formed in the inner part of the clusters.
Figure 5 shows the MF observed in Mayer 3 star cluster
where the MF slope is found to be I' >~ —1.7, steeper
than the Salpeter value of I' = —1.35 (Salpeter 1955)
in a mass range of 1.5 < Mg < 6.5, indicating the
abundance of low-mass stars, probably formed due to
the positive feedback of the massive stars in this region
(Pandey et al. 2020). There is also a change of MF slope
from the high to low mass end with a turn-off at around
1.5 Mg. A truncation of MF slope at slightly higher-
mass bins has often been noticed in other SFRs also
under the influence of massive OB-type stars (Sharma
etal. 2007, 2017; Jose et al. 2008; Pandey et al. 2008).
In a recent analysis Damian et al. (2023) obtained the
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turn-off point in the MF distribution and are not used in the
fitting. For more details, please refer to the original publica-
tion by Pandey et al. (2020). This figure is reproduced with
permission from the AAS. For more details see Pandey e? al.
(2020).

sub-stellar IMF of Sigma Ori cluster down to Jupiter
mass regime.

Since most of these studies were carried out using a
meter-class telescope on a sample of nearby star clus-
ters (d < 3 kpc), the subsolar limits of IMF were not
yet reached and lacked a statistically significant sample
set representing different local conditions. Also, these
studies were done on a large variety of datasets. Thus,
the homogeneity of the dataset is a big question in con-
clusions regarding the universality of the IMF slopes.

7. Impact of massive stars on the interstellar
medium

Stellar feedback has profound impact on the star forma-
tion efficiency of molecular clouds (Elmegreen 2011;
Hopkins et al. 2014). Feedback from a massive star can
either shred the nascent molecular cloud within a few
cloud freefall time-scale and halt further star forma-
tion (Kim et al. 2018) or can trigger formation of the
next generation of stars by creating physical conditions
(e.g., high densities, instabilities due to shockfronts)
that leads to the collapse of a molecular cloud that oth-
erwise may not contract and fragment spontaneously
(Elmegreen & Lada 1977). The extreme ultra-violet
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(UV) photons from the massive stars ionize the sur-
rounding medium and create HII regions, whereas the
far-ultraviolet (6 < hv < 13.6 eV) photons cre-
ate the Photo Dissociation Regions (PDR), a layer of
warm atomic and molecular gas between the H1I region
and the molecular environment (Hollenbach & Tielens
1999). Additionally, the massive stars, through their
winds and supernova explosions, tremendously impact
the dynamical evolution of ISM on all scales by generat-
ing turbulence starting from sub-parsec scale (radiation
pressure and jets and outflows) to galaxy scale (super-
novae explosions). It is also believed that the latter is
possibly responsible for maintaining gas at large-scale
heights that resist gravitational collapse onto the host
galaxy’s potential (McKee & Ostriker 1977).

7.1 Global status and open questions

High-resolution mid-infrared (8 pm) observations from
Spitzer Space Telescope revealed the presence of bubble
or shell-like structures around H1I regions (Churchwell
et al. 2006, 2007) arising from the thermal expansion
of the HII regions. In addition to the shells, a more
homogeneous distribution of ionized gas pervaded by
a web of filaments and large clouds is seen in giant
massive star-forming regions such as the Cygnus X
or W43. The ionizing radiation creates at the inter-
face of HII region/molecular clouds a rich variety
of structures such as pillars, bright-rimmed clouds,
and globules. Deharveng et al. (2010) showed that
the expansion of HII regions could lead to differ-
ent processes of triggered star formation, as shown
in a schematic in Figure 6. The collect and collapse
(C&C) mechanism of triggered star formation is typ-
ically observed around HTI regions/bubbles (Zavagno
et al. 2006; Brand et al. 2011). On the other hand, the
radiation-driven implosion (RDI) mechanism is seen
in pillars or bright-rimmed clouds (Kessel-Deynet &
Burkert 2003; Bisbas et al. 2011). Figure 6 also shows
observational evidence of the feedback in the form of
a bipolar nebula and mid-infrared bubbles created by
high-mass ZAMS stars in G316.80—00.05 (Samal ez al.
2018) as well as by Wolf—Rayet stars (Baug et al. 2019).

Several important aspects of feedback mechanisms
have been looked into from both theoretical and obser-
vational perspectives. It has been shown theoretically
that stellar feedback could lead to inefficient star forma-
tion in giant molecular clouds (GMCs; Hopkins et al.
2014; Gatto et al. 2017; Krumholz et al. 2019; Bonne
et al. 2022; Grudi¢ et al. 2022), and even could poten-
tially affect the maximum mass a massive star can
achieve (Rosen 2022). In fact, a multi-wavelength study
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Figure 6. (Left) Schematic of different processes of triggered star formation around an H1I region: (1) small-scale gravi-
tational instabilities; (2) large-scale gravitational instabilities leading to the formation of high-mass fragments; (3) ionizing
radiation acting on a turbulent medium; (4) radiation-driven compression of pre-existing dense clumps (adopted from Dehar-
veng et al. 2010). (Middle) Composite color image of the bipolar nebula G316.80—00.05: red is for the Herschel 250 um
emission showing the cold filament at the waist of the nebula, green is for the 8 m PAH emission, blue is for the 4.5 um
stellar emission. The three bubbles listed in the catalog of mid-infrared bubbles by Churchwell et al. (2006) are also marked
(Samal et al. 2018). (Right) A composite color (red: Herschel 70 pum; green: Spitzer 8 pum; blue: Spitzer 3.6 um) image of the
G15.010—0.570 region. The selected sky area includes a massive Wolf—Rayet (WR) star (asterisk), several cold dust clumps
(magenta diamonds), Class 0 young stellar objects (red boxes), and one of the most active star-forming sites in the Galaxy,
M17. The distribution of '*CO molecular gas is shown by cyan contours. Strong stellar winds from the WN7 type WR star
have developed a molecular shell (white dashed circle), and star formation activity is noted around the expanding shell in the

form of molecular clumps and Class 0/1 YSOs. See Baug et al. (2019) for more details on this study.

of Olivier et al. (2021) on a large sample of more than a
hundred Galactic H1 region showed that feedback pres-
sure is indeed sufficient to expel gas from the majority
of the sources. Numerical simulations also showed the
importance of wind feedback from massive stars in the
context of star cluster formation. For example, simula-
tions of Dale et al. (2013) revealed that the efficiency of
wind-driven triggering to initiate star formation is low
compared with the efficiency of the ionized gas.

The structures in the molecular cloud created by the
ionizing radiation have long been observed in multi-
ple wavelengths (White et al. 1997; Schneider et al.
2016; Mookerjea et al. 2019; Mookerjea 2022), but
details of how radiation and stellar wind impact the fil-
aments and massive cloud ridges, and their impact on
the subsequent filament/cloud evolution and star forma-
tion are topics of active research. In addition to isolated
observations of PDRs associated with high-mass star-
forming regions recently, a dedicated observational
project (FEEDBACK) was performed to study a sam-
ple of eleven high-mass star-forming regions primarily
tracing the far-infrared emission from the PDRs using
SOFIA (Schneider et al. 2020). Preliminary results of
the FEEDBACK project showed that massive stars have
a variety of impacts and signatures on their surrounding
environment, e.g., expanding wind-driven shell around
a Wolf-Rayet starin RCW 49 region (Tiwari et al. 2021,
2022), sub-structured H1I region in NGC 7538 region

that interacts with adjacent clouds and triggers forma-
tion of new-generation of stars (Beuther ef al. 2022). In
recent work using JWST near-and mid-infrared images,
extended intertwined/entangled sub-structures (<4500
au) consistent with instability in the dissociation front
were observed towards the bubble wall of NGC 3324
(Dewangan et al. 2023). More recently, the study of
PDRs in fine-structure lines of [CII] at 158 pum and
[O1] at 63 and 145 um using SOFIA have revealed
the presence of a significant column of neutral gas not
detected in CO (Guevara et al. 2020; Goldsmith et al.
2021; Mookerjea et al. 2021, 2023). The origin of this
gas is not yet completely understood.

7.2 Status of the research in India

In India, research devoted to the study of feedback
of massive stars on the ambient ISM in the context
of triggered star formation has primarily been based
on observations using optical/near-infrared telescopes
and the GMRT in the cm wavelengths (Ojha et al.
20044a,b; Vig et al. 2007; Tej et al. 2007; Anandarao
et al. 2008; Chauhan et al. 2009; Samal et al. 2010;
Sharma et al. 2012; Dewangan et al. 2012, 2016, 2020;
Mallick et al. 2015; Dutta et al. 2015; Baug et al.
2015; Das et al. 2018; Panwar et al. 2020; Pandey
et al. 2020). To a limited extent, studies of PDRs using
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far-infrared observations with the TIFR 100 cm balloon-
borne telescope, the Herschel Space Observatory, and
the airborne SOFIA observatory have also been pur-
sued (Mookerjea et al. 2000, 2019; Mookerjea 2022;
Mookerjea et al. 2023). A few key findings of these
studies include: (i) observation and interpretation of
molecular shells around massive O-type stars being
created due to the ionization pressure, and the radia-
tion pressure; (ii) identification of similar shells around
the evolved Wolf—Rayet stars created by the impact of
strong stellar winds; (iii) evidence of possible triggered
star formation, based on over density of YSOs, in the
high-density compressed shells created by expanding
H1I regions; (iv) detection of non-thermal radio emis-
sion in an HII region; and (v) detection of large columns
of atomic oxygen and C™, the origin of which is still
being explored.

7.3 Key science questions and goals

Although substantial progress has been made in the
field of feedback due to the massive stars, there still
remains a few key questions in this area. These include
but are not limited to: (i) What are the specific param-
eters that determine whether gas would be expelled
or accumulated by the influence of massive stars? (ii)
What are the conditions that favor the formation of
the next generation of stars from the surviving parts
of the original parental molecular cloud? (iii) What is
the effect of metallicity on the influence of stellar feed-
back? (iv) Is the mass function in the clusters triggered
by the influence of massive stars similar to the universal
mass function? (v) What is the heating efficiency of the
FUYV photons, and what determines that efficiency? (vi)
What is the contribution and effect of mechanical and
radiative feedback on the surrounding clouds? Address-
ing these questions demands comprehensive parametric
studies of a large number of Galactic massive star-
forming regions and their natal environment. Successful
execution of such projects would enable us to under-
stand the differential nature of the stellar feedback and
proper conjecture/model of the stellar feedback would
eventually help us to recover the star formation history
in the galaxies as well in the Universe.

8. Formation and evolution of binary and multiple
star systems

Stellar binarity and multiplicity are ubiquitous fea-
tures across the H-R Diagram and may be critical

J. Astrophys. Astr. (2025) 46:3

to our understanding of nearly all aspects of Astron-
omy, from the generation of gravitational waves to
supernova rates to the occurrence of planetary sys-
tems. Even though the interdisciplinary importance
of stellar multiplicity science is quite obvious, their
origin and evolution remain unclear. Numerical sim-
ulations point to two main formation routes for mul-
tiplicity: core fragmentation (Fisher 2004) and disk
fragmentation (Adams et al. 1989). In the core frag-
mentation scenario, turbulent fluctuations within a
bound core can develop multiple nonlinear density
perturbations, which, when exceeding the local Jeans
mass, could result in a collapse, giving rise to mul-
tiple peaks. These peaks may subsequently become
bound to form binary or multiple stellar systems (e.g.,
Offner et al. 2010). In disk fragmentation scenario
(Adams et al. 1989), however, the disks, when sub-
jected to sufficiently strong gravitational instability,
might fragment to form one or more companions.
Binary separation provides one possible way of dis-
cerning which of these mechanisms are at work. While
the disk fragmentation process favors the formation
of closer (<500 au) multiple systems, the turbulent
fragmentation can produce multiple systems having
initial separations >500 au (Offner ef al. 2010). The
orientation of outflows from the stellar systems pro-
vides another possible way of distinguishing formation
scenarios at work. Binaries forming through disk frag-
mentation is likely to have common angular momenta
and, hence, aligned stellar spins, whereas binaries
formed through turbulent fragmentation likely possess
independent angular momentum direction and, thus,
have randomly oriented spins (e.g., Maheswar et al.
2002).

To discern the formation mechanisms responsible
for multiple systems, it is important to catch them at
early protostellar stages of evolution in various environ-
mental conditions to improve statistics on multiplicity,
characterize the mass range, examine the separations
closer to the au scales and study the limits of fragmenta-
tion and migration and then compare these observations
with those of their evolved pre-main sequence counter-
parts, main sequence systems and with the multi-scale
numerical simulations. Studies conducted at uniform
sensitivities and resolutions towards the protostellar
populations of Perseus (Tobin et al. 2016b), Ophiuchus
(Encalada et al. 2021), and Orion (Tobin et al. 2020,
2022) using ALMA and Very Large Array (VLA) seems
consistent despite environmental differences suggesting
that formation mechanism of multiple systems in at least
these three regions are probably similar. The compan-
ion separation distribution as a whole is double-peaked,
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inconsistent with that of solar-type field stars (Tobin
et al. 2022).

Research in India on this rather important topic has
been limited mainly due to the lack of facilities avail-
able within the country at sub-mm/mm wavelengths to
observe multiplicity at protostellar phases. Even to char-
acterize the multiplicity in evolved pre-main sequence
systems, ground-based or space-based near- and mid-
infrared facilities capable of producing high spatial
resolution images are required. Consequently, most of
the research works in India on this topic are limited to
either statistical analysis (Maheswar et al. 2002) or the
study of individual sources (Arun et al. 2021) using the
data collected by the facilities abroad or through simu-
lations and modeling (Mondal et al. 2021).

To improve the sample size of, say, multiplicity in
protostars, it is essential to observe more populous and
distant star-forming regions. Since the spatial resolu-
tion reduces linearly with distance and the brightness
of dust emission reduces as the square of the distance,
we are reaching the limit of current capabilities. Though
ALMA can achieve ~0.02" resolution at 1.3 mm, this
emission will mainly detect optically thick dust in pro-
tostellar disks and not the close companions. Thus, a
facility capable of ~0.01” angular resolution and ~10 x
greater sensitivity operating between 3 mm and 2 cm is
the pressing priority. If setting up such a facility within
India is challenging, it is prudent to join a consortium
whenever such opportunities arise (like ngVLA, FYST,
AtLAST, etc.). While JWST will enable the detection
and characterization of young multiple systems with
close separations (~0.1”) via medium-resolution spec-
troscopy to determine the spectral types and in turn
mass ratio and accretion diagnostics, high-resolution
near-infrared spectroscopic instruments available with
10-m/30-m facility would be essential for long-term
multi-object and multi-epoch campaigns to understand
how multiple components are accreting matter and
gaining mass over the time.

Though significant progress has been made over
the past decade or so on the theoretical front, the
efforts are still marred with poor resolution, lack of
sufficient statistics, and limited inclusion of local and
global environmental effects in the treatment (Offner
et al. 2002). Therefore it is essential to adopt com-
plex multi-physics treatment of the formation mech-
anisms of multiplicity that incorporates a large range
of coupled physical processes, like self-gravity, super-
sonic turbulence, hydrodynamics, outflows, radiation,
astrochemistry (disk chemistry), stellar feedback and B-
fields. This requires the use of advanced techniques like
massive parallelism, multi-threading, and advanced
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vector extensions. Today, it is possible to get compute
power rented from many public cloud providers,
including Amazon, Google, and Microsoft, which
enable access to the latest generations of GPU devices,
FPGAs, and multi-core workstations to perform com-
plex simulations.

9. Planet-forming disks and protoplanets

Star-forming regions are the ecosystems in which most
stars and, therefore, most planets form. With the state-
of-the-art observing capabilities of high sensitivity, high
spatial and spectral resolution, such as ALMA, VLT,
HST, and recently with JWST, the field of planetary
system formation has undergone a transformational
change. With the advent of high-end observing capabil-
ities, highly sensitive complete surveys of star-forming
regions involving imaging, spectroscopy, mm inter-
ferometry and polarimetry of young stars and their
protoplanetary disks have become available. This pro-
vides an unprecedented statistical sample of young
stellar objects with their physical parameters such as
stellar masses, mass accretion rates, disk masses and
radii, roughly within 300 pc from us. These observa-
tions also sample different evolutionary stages, ages,
and environments. The relations between stellar, accre-
tion and disc properties, dependence of mass accretion
rates on stellar masses, disc dust mass as a function of
age are well sampled for the nearby regions (see review
by Manara et al. 2023). In particular, with the ALMA,
the structure of accretion disks, protostellar multiplic-
ity (e.g., Tobin et al. 2022), and the chemical structure
of pre-stellar cores (e.g., Caselli et al. 2022) have been
established, though for limited samples (Figure 7).

In the context of theoretical model predictions, the
traditional viscous evolutionary models, along with ana-
lytical descriptions of MHD driven disk wind models,
are widely acknowledged and tested to match the pre-
dictions with observations for the global disk properties
(disk gas mass, radius, and accretion rate), their evo-
lution in time and planet formation. However, MHD
disk wind models are yet to constrain large samples
sufficiently (see the reviews by Manara et al. 2023 and
Miotello et al. 2023). The evolution of protoplanetary
discs through episodic accretion and stellar mass assem-
bly has recently been a topic of discussion (Fischer et al.
2023). The high-sensitivity and high-resolution imag-
ing and spectroscopic capabilities of the JWST has led
to detailed studies of the structure and chemistry of
protoplanetary disks around both low- and high-mass
stars (van Dishoeck et al. 2023; Henning et al. 2024;
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Figure 7. Sketch of a physical and chemical structure of a protoplanetary disk around a sun like star of age ~1-5 Myr.
Black circles are the distribution of dust particles of different sizes. The regions of main emissions coming from dust thermal,
molecular and scattered light are shown towards right (adopted from Miotello ef al. 2023).

Pontoppidan et al. 2024). Discovery of new Herbig—
Haro knots along with a clear identification of a single,
isolated, low-mass protostar as the driving source sup-
porting the idea of episodic accretion was also possible
using the JWST mid- and near-infrared images (Dewan-
gan et al. 2024b). Indian researchers have primarily
contributed to this area of research via disc evolution
studies in diverse environments (mostly photometric
analysis), disk fraction, accretion properties of Herbig
Ae/Be type objects, and the variability analysis with the
time series photometric and spectroscopic observations
using Indian and international observing facilities (e.g.,
Contreras et al. 2023; Ghosh et al. 2023; Lata et al.
2023; Nidhi et al. 2023; Panwar et al. 2024; Patra et al.
2024).

9.1 Limitations in the current understanding

Most of the above studies so far are on individual
sources or small samples, limited within the solar neigh-
borhood (~300 pc). However, most discs are expected
to reside in much stronger UV environments, as well as
high stellar density regions, which provide feedback in
the form of external photoevaporation and dynamical
interactions. Hence the above studies have the strong
limitation of creating a biased view in sparse stellar
groups where external photoevaporation or dynamical
interaction is less effective.

Understanding external feedback is, therefore, key
to understanding the protoplanetary disc evolution fol-
lowed by planet formation. In addition, theoretical
models for the environmental influence on the chemical

evolution of planetary discs and planets, and their pre-
dicted observational signatures are essential. Ongoing
and future JWST observations of high UV environments
will shed some light on disc chemistry from an obser-
vational perspective. Similarly, theoretical analysis on
various steps to connect the correlation between pro-
toplanetary and debris discs as well as those between
disc properties and stellar mass are to be performed.
Indeed, the current disc evolution models need to have
a clear description of how these models scale with var-
ious stellar masses. Hence, further constraints on the
model parameters must be obtained to predict the scal-
ing with both disc and stellar parameters. Finally, most
of the observational effort till date has been on detailed
studies of bright and massive disks, while the bulk of
the disc population is heavily understudied. We lack
deep CO surveys of large samples of discs and their
outer radii in a representative number of star-forming
regions. Metallicity is known to be another important
parameter that decides the protoplanetary disk evolu-
tion followed by planet formation. We are yet to have
any observational details and theoretical frameworks
regarding the role of metallicity in disc and planet for-
mation studies. A systematic analysis of protoplanetary
disc evolution under low-metallicity environments of
distant, outer Milky Way is the need of the hour to
constrain their models.

9.2 Future perspectives

To study the protoplanetary discs of younger, embed-
ded regions and evolving under extreme environmental
conditions, high sensitive spectroscopic and imaging
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capabilities in the near-IR will be incredibly impact-
ful, as they can provide better constraints on the initial
conditions in star-forming clusters. Several multi-object
spectroscopic facilities will be operational in the coming
decade providing large-scale surveys of young stellar
objects in diverse environments. For example, the new
4-m Multi-Object Spectroscopic Telescope (4MOST)
will be able to observe ~2400 objects over a 4.2-degree
hexagonal field-of-view (FOV) and provide both mod-
erate (R =~ 4000-7500) and high resolution (R =~
18000-21000) spectra. Another instrument, the Multi-
object Optical and Near-IR spectrograph (MOONS)
will be on the 8-m Very Large Telescope (VLT) of
the European Southern Observatory (ESO). MOONS
use the total 250 diameter FOV of the VLT, deploy-
ing 1001 fibers to obtain high-resolution spectra (R ~
20000) with simultaneous optical and near-IR (0.6-1.8
um) coverage. High-resolution coverage in the H-band
will allow these observations to probe embedded and
crowded regions enabling similar spectral resolution in
nearby regions to more distant and massive regions than
Orion. Dedicated sensitive gas surveys of large samples
of disks at moderate resolution are planned with ALMA
and inner disk surveys using JWST. These two facilities
complement each other: ALMA probes the outer and
JWST the inner parts of disks. Future facilities in which
India is actively involved, such as TMT, National Large
Optical Telescope (NLOT), Indian Spectroscopic and
Imaging Space Telescope (INSIST), etc., will largely
contribute to our understanding of this topic.

10. Astrochemistry of ISM, protostars, and
protoplanetary disks

Astrochemistry deals with the study of the extent and
cause of chemical enrichment of the ISM, in which
over 240 different gas-phase and around 20 molecu-
lar species on the dust grain surface have so far been
detected. Starting with the first detection of the diatomic
molecule CH in the 1930s (Swings & Rosenfeld 1937;
McKellar 1940), the complexity of the molecules dis-
covered so far range from the diatomic Hj to a 13-atom
linear nitrile, HC;;N and bigger molecules such as
1-C1oH7CN, 2-C1oH7CN and Fullerenes (Ceo, Cgps
C70) (Tielens 2008; McGuire 2022). The observational
detections have also led to the development of numer-
ical models considering chemistry in the gas-phase as
well as gas-grain chemical networks to study the forma-
tion and abundance of the molecules (Gould & Salpeter
1963; Watson & Salpeter 1972; Herbst & Klemperer
1973; Millar & Williams 1975; Hasegawa et al. 1992;

Page 17 of 26 3

Garrod et al. 2008, among others). The development
of astrochemistry has been supported by laboratory
experiments to measure reaction rates for gas-phase
reactions (Smith 2011 and reference therein) and essen-
tial parameters associated with the gas-grain chemistry
(Gerakines et al. 1996; Pirronello et al. 1997; Collings
et al. 2003, 2004; Hama & Watanabe 2013, and refer-
ences therein), which are crucial for the astrochemical
models.

10.1 Global status and open questions

Enhanced observational capabilities in the sub-mm and
millimeter wavelengths in the past decade has led
to a significant improvement in our understanding of
physical conditions and the chemical enrichment of
Galactic and extra-galactic ISM (Jgrgensen et al. 2020);
Loomis et al. 2020). In particular the ALMA with
its high sensitivity and high resolution spectroscopic
capabilities has ushered in a boom in the discov-
ery of new molecules, including Complex Organic
Molecules (COMs). On the modeling front, state-of-
the-art numerical simulation codes involving around
1200 species and 20000 reactions are routinely used
to study the formation of complex organic molecules
(COMs), including prebiotic molecules such as glycine
(Agtindez & Wakelam 2013; Garrod & Widicus Weaver
2013). In addition, an attempt to understand isotopic
fractionation and spin chemistry is underway, requiring
even more extensive chemical networks. Furthermore,
comparative studies between chemical complexity in
solar system objects and proto-planetary disks are being
investigated. Besides, significant progress has been
made to couple hydrodynamic simulations with chemi-
cal evolution, which will provide a better understanding.
A significant progress in this regard are the public
databases, such as KIDA, UMIST, NIST, etc., and the
availability of numerical codes to the community. Sev-
eral state-of-the-art laboratories are built, which provide
formation pathways and various physical parameters
such as sticking probability, adsorption and desorp-
tion energies, and activation barriers needed for astro-
chemical modeling. Laboratory formation of COMs,
including simple amino acids glycine- is also success-
fully studied (Ioppolo et al. 2021). Also, molecular
spectroscopy databases involving laboratory measure-
ment and computational molecular spectroscopy are
created to aid the observation and identification of new
molecules.

The availability of improved observations and mod-
els have also opened up many unresolved issues in
understanding the chemistry of the molecules in the
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ISM, protostars and protoplanetary disks. Based on
the presence of a large number of unidentified spec-
tral lines, it is clear that the inventory of interstellar
molecules is far from complete and this also requires
accurate measurements of frequencies of many spec-
tral lines in the laboratories. Clear identification of
chemical species resulting in the diffuse interstellar and
aromatic infrared bands and detection of specific ter-
restrially abundant polycyclic aromatic hydrocarbons
(PAHs) are among the highest in priority (McGuire
et al. 2021). Molecules are often used as tracers (e.g.,
SiO, CH30H, N,H", H,CO, NH3, etc.) of physi-
cal conditions such as radiation environment, density
and temperature in numbers of environments, includ-
ing ISM and star-forming regions. Comparison of the
observations with numerical models to study the chem-
ical and dynamical evolution of such regions together
requires modification of the models using e.g., a multi-
point Lagrangian scheme compared to traditional single
point pseudo time-dependent chemical models. While,
modeling efforts are currently on to understand the for-
mation of COMs and isoptopic fractionation of C, N and
O, laboratory measurements and ab-initio calculations
of reaction rates, branching ratios, activation energies,
and thermochemical data are needed for these efforts as
well. Finally, this brings about the question of what the
chemical diversity in the star-forming regions tell about
the origin of Life on Earth? Answer to the question lies
in the improved understanding of how chemical com-
plexity changes as we move from diffuse to dense ISM,
then to hot cores, to protoplanetary disks, to planetesi-
mals, and finally, in the solar system objects.

10.2 Research and status of the field in India

Although ‘TAU Symposia 120: Astrochemistry’ was
organized in 1985 when the subject was in the early
development phase, there was hardly any follow-up in
India till early 2000s when a group was established to
work on the modeling of the formation of complex
molecules. Since then, activities primarily on astro-
chemical modeling followed closely by observations
particularly in the post ALMA era have made signif-
icant contributions. These studies primarily focused on
the formation of molecules in diffuse and dense molecu-
lar clouds (Chakrabarti & Chakrabarti 2000; Das et al.
2008, 2016; Igbal & Wakelam 2018), hot cores and
hot corinos (Majumdar et al. 2018; Acharyya et al.
2020; Sahu et al. 2020; Acharyya 2022; Mondal et al.
2022; Srivastav et al. 2022), protoplanetary disks as well
as computational spectroscopy to generate spectra of
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COMs and PAHs (Pathak & Sarre 2008; Maurya & Ras-
togi 2015; Ahmad er al. 2020; Buragohain et al. 2020;
Singh et al. 2021; Vats & Pathak 2022). Using the Her-
schel space observatory and SOFIA, in papers Indians
have led the work on the detection of linear carbonchain
molecules CCC (and its isotopes) towards high mass
star-forming regions (Mookerjea et al. 2010; Giesen
et al. 2020). These work have reported for the first
time in the literature evidence of Warm Carbon Chain
Chemistry in high-mass star forming regions (Mooker-
jeaetal. 2012) and detection of C'3CC and '*CCCin the
interstellar medium. In the recent times, Indian authors
have constrained physical processes at various stages of
star and planet formation through chemical modeling
of sub-mm spectral lines (Majumdar et al. 2016, 2018;
Das et al. 2020; Gorai et al. 2020; Sahu et al. 2020,
2021). Laboratory experiments and theoretical studies
for spectral identification and ice composition and to
derive parameters for surface chemistry have also been
undertaken (Acharyya 2014; Bhuin et al. 2014; Sivara-
man et al. 2015; Methikkalam et al. 2016; Pavithraa
et al. 2017; Chakraborty et al. 2019; Ghosh et al. 2019;
Vishwakarma et al. 2021).

10.3 Key science questions, future goals, etc., from an
Indian perspective

It will not be an overstatement to say that the holy
grail of Astrochemistry lies in understanding the pro-
cesses which led to the formation of a habitable planet
like ours and the origin of life on it. The key ques-
tions which lead up to an understanding of the origin of
life include: (i) How, when, and where are molecules
produced and excited? (ii)) What do they tell us about
temperatures, densities, gas masses, ionization rates,
radiation fields, and dynamics of the clouds? (iii) How
are the molecules cycled through the various phases of
stellar evolution, from birth to death? (iv) How far does
the molecular chemical complexity go? More specifi-
cally, the studies focus on water and organic molecules
which need to be supplied to terrestrial worlds like our
own to provide the essential compounds required for
the origin of life. These molecules form initially during
the earliest stages of stellar birth, are supplied by col-
lapse to the planet-forming disk predominantly as ice,
and may undergo significant processing during this col-
lapse and within large planetesimals that are heated via
radioactive decay. Thus, the key questions in the field
are centered around the formation mechanism of Com-
plex Organic Molecules (COMs) in the low-temperature
interstellar medium. The dominant mechanisms at such
low temperatures are still a matter of dispute, with both
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Short-term requirements

Upgradation of existing instruments with the 2-3 m
loptical telescopes (like VBT, HCT and DOT) can be
made to enhance our existing capabilities.

Formation of a national consortium to train
iresearchers in writing proposals for some of the best
international facilities like ALMA/JTWST etc.

fLayout a foundation for India's membership with
EAO.

Develop wide-field imaging polarimeters capable o
operating at optical and near-infrared wavelength
rregimes for 2-3-m class telescopes. ‘

Setting up a 10-m class telescope like the
f;Natioual Large Optical-Infrared Telescope
(NLOT) to bridge the gap between the
existing 3.6-m DOT and the TMT.
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Mid-term requirements

Setting up a 10-20-m class single-dish sub-
| mm/mm observatory with wide-field
| mapping capabilities.

Long-term requirements

Construction of high-resolution sub-mm/mm
interferrometric facilities in India.

Development of next generation instruments
for the TMT and other future large

Hiring experts working on milli-meter astronomy Launch and operation of space missions like telescopes.

land magnetohydrodynamic simulations in the fields INSIST (in UV-optical) and IRSIS (in near

lof ISM and star formation. & mid-infrared).

[Conduct more workshops and conferences witﬁ Development of high and medium resolution

[Engaging in international collaborations
leveraging complementary strengths.

linter-disciplinary areas such as planet formation. spectrographs operable in X-ray, UV,

|galactic dynamics and astrochemistry.

Development of high-performance computational
facilities across the country with constant
jupgradation with the technology. Also, explore the
|possibility of renting computational power from the
jpublic clouds.

| Optical and Infrared for ground (like NLOT,
TMT) and space-based observatories.

Figure 8. Recommendations and suggestions from the ISM and star formation group

gas-phase and granular processes, occurring on and in
ice mantles, thought to play a role. Efforts of the Indian
groups are focused on the detection of molecules at high
resolution in the star forming cores and protoplanetary
disks to constrain the indigenously developed numerical
models. These efforts are being complemented by labo-
ratory measurements and theoretical studies of surface
chemistry on interstellar ice.

11. Summary and recommendation

The ISM and star formation community in India
has about 100-150 active researchers, including PhD
students, postdocs, and faculty members working in
various institutions and universities. The community
gathers annually in different parts of the country, where
the members hold discussion/brainstorming sessions
to showcase the results and summarize the status, chal-
lenges, and prospects. A significant fraction of the
science done by the community is based on archival
data and individual collaborative access to state-of-
the-art-telescopes. However, to be able to address the
problems pertaining to star formation, large observa-
tional programs needing guaranteed access to state-of-
the-art telescopes are required. The community thus
recommends development of the state-of-the-art tele-
scopes, back-end instruments, computational facilities
and access to international facilities. Some of the

key recommendations are listed below. These recom-
mendations/requirements are categorized into short-(5
years), mid-(10 years) and long-term (15-20 years). A
brief summary of the recommendations is presented in
Figure 8.

Short-term requirements

e The instruments available in many of the exist-
ing Indian facilities were commissioned long
ago and, hence, lacked modern capabilities to
cater to the growing community. Therefore we
recommend upgradation of existing instruments
with the 2-3-m optical telescopes (like VBT,
HCT and DOT) to enhance the existing capa-
bilities. As modern instruments are complex
and expensive, developing future instruments
in collaborations across multiple institutions is
prudent. Pooling resources and sharing infras-
tructure can result in cost savings and operational
efficiencies for participating institutions. Join-
ing the small telescopes with international
programs such as LCOGT to conduct coordi-
nated time series observations will enhance their
productivity.

e ALMA is the best facility in the mm domain in
terms of the resolution and sensitivity for study-
ing star formation at the finest scale, thus, access
to this facility would allow the Indian community
to be competitive in the field for years to come.
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Therefore it is recommend to build a national
consortium to write proposals in the best inter-
national facilities like ALMA/JWST, etc. This
will allow the researchers in the country to get
trained with the data from the best facilities and
also to become competitive in the field for years
to come.

East Asian Observatory (EAO) has been allow-
ing Indian PIs to submit proposals for JCMT
under the Expanding Partner Program to basi-
cally encourage astronomers from new JCMT’s
partners. Under this program, PIs from Thailand,
Malaysia, Vietnam, Indonesia and India request-
ing <15 h will be automatically approved upon
satisfying the technical feasibility and scientific
merit. Some of the Indian PIs have already uti-
lized this opportunity. However, it is needed to
lay down a foundation for India’s membership
with EAO to utilize the capabilities of JCMT,
SMA, etc. This will allow Indian PIs to get
access to sub-mm/mm facilities something thatis
seriously lacking.

Development of wide-field imaging polarimeters
capable of operating at optical and near-IR wave-
length regimes for 2-3-m class telescopes should
be of high priority to construct 2-D maps of
B-fields in ISM.

Hiring of experts working in sub-/millimeter
wavelengths and magnetohydrodynamic simula-
tions in the field of star formation as faculties to
perform high-end simulations and also to train
students, postdocs and younger faculties in data
reduction and interpretation and to use upcoming
facilities such as ngVLA.

Efforts should be made to conduct more work-
shops and conferences with inter-disciplinary
areas such as planet formation, galactic dynam-
ics, and astrochemistry to enhance our under-
standing of the complex problems of star
formation.

Like observatories, development of a few high-
performance computational facilities across the
country is also essential for understanding the
kinematics, morphology, and chemical evolution
of molecular gas, effectively through simulations
and also to be used for data intensive comput-
ing. Today it is possible to get compute power
rented from many public cloud providers includ-
ing Amazon, Google and Microsoft which enable
access to the latest generations of GPU devices,
FPGAs and multi-core workstations to perform
complex simulations. Though this requirement
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is listed under short-term category, according to
the technological advancement over the period,
our capability should also be upgraded in timely
manner.

Mid-term requirements

e Currently, there are no active sub-mm/mm facil-

ities in the country, which has hampered our
progress significantly in the field of star-formation
research. Thus, in the coming decade, we must
invest in setting up a 10-20-m class single-
dish sub-mm/mm observatory with wide-field
mapping capabilities. Mapping our Galaxy in
multiple dust continuum bands as well as with
a few key dense gas tracer lines such as NH3,
HCN, HCO™, NoH™, CS and H3CN will allow
us to take a major leap in a few key areas
of star formation. It will also complement the
data of the other existing sub-mm/mm facili-
ties. Access to single dish millimeter facilities is
also essential, not only to understand large-scale
star-formation processes, but also to complement
interferometric data, particularly for the extended
gas structures. Access to the above facilities is
also essential to be ready to make use of upcom-
ing high-cadence future facilities such as ngVLA
that would be beneficial to study star and planet
formation. Sub-mm/mm telescope with polari-
metric capability would allow us to trace the
B-field geometry of molecular clouds.
Installation of a 10-m class telescope like NLOT
is essential to bridge the gap between the exist-
ing 3.6-m DOT and the upcoming TMT. The
new observatory should have AO assisted instru-
ments, integral field spectroscopy and multi-
object spectroscopy. The 10-m class telescope
should be used as a test bed for the prototyping
of new technology instruments and to train man
power for the upcoming and future bigger tele-
scopes. Till we have our own 10-m telescope, it
is highly recommended to purchase time in some
of the existing 10-m class telescopes such as Sub-
aru, GTC, SALT, etc. We can also join consortium
that are open for partnerships through in-kind
contributions.

Medium- and high-resolution spectroscopy in
UV, optical and near- and mid-infrared wave-
lengths from the ground and space are important
for the studies of the ISM and star formation.
Thus development of multi-object spectrographs
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in these wavelengths for the upcoming ground-
based facilities (e.g., NLOT, TMT) is required.
It is also important that the proposed space-
based missions such as Indian Spectroscopic and
Imaging Space Telescope (INSIST) and the
InfraRed Spectroscopic Imaging Surveyor
(IRSIS) both of which have already received
initial funding come to fruition. The INSIST
is a 1-m class telescope capable of delivering
images at a high-spatial resolution of 0.1”7-0.2”
at wavelengths ranging from 0.15 to 0.55 um.
It also has spectroscopic capability (low- to
medium-resolution) in multi-object mode. The
UV region provides one of the direct meth-
ods of measuring accretion in young stars as
a result of material plunging onto stellar sur-
face creating UV radiation due to shock. The
region also has some of the prominent spec-
tral lines (like O 1 A1304 A, C 1v 11550 A,
He 11 21640 A, C 11 12330 A, Mg 11 22798 A)
that are of interest to the star-formation research
community. The IRSIS, on the other hand, is a
medium size telescope of 30-cm aperture diam-
eter capable of collecting and focusing infrared
radiation from astronomical objects in the sky
and feed to an array of micro-lenses coupled
to infrared optical-fiber bundles. The primary
science goals of IRSIS, proposed by the TIFR
group include detection of several spectral lines
and features due to the Interstellar Gas and Dust
components of the ISM of our Galaxy.

Long-term requirements

e Construction of high-resolution sub-mm/mm
interferrometric facility in India, for conducting
spectroscopic, dust continuum, and polarization
observations of dense molecular clouds. A facil-
ity capable of ~0.01” angular resolution and
~10x greater sensitivity operating between 3
mm and 2 cm is also essential to identify close
companions to stars at their earliest stages of star
formation.

e Development of second generation instruments
for the TMT capable of performing high-spatial
resolution imaging and spectroscopy of young
stars to detect close multiple components, study
accretion and outflows and other properties
towards the fainter end of the stellar mass spec-
trum in distant massive star forming regions
residing in diverse environments.
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e Explore possibilities of engaging in interna-
tional collaborations leveraging complementary
strengths. Combining each partner’s unique
capabilities and assets will allow us to put
more complex and powerful UV /infrared/
sub-mm facilities in space to address some of the
forefront problems in ISM and star formation.
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