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Abstract. Astrophysical compact objects, viz., white dwarfs, neutron stars, and black holes, are the remnants of
stellar deaths at the end of their life cycles. They are ideal testbeds for various fundamental physical processes un-
der extreme conditions that are unique in nature. Observational radio astronomy with uGMRT and OORT facilities
has led to several important breakthroughs in studies of different kinds of pulsars and their emission mechanisms.
On the other hand, accretion processes around compact objects are at the core of Indian astronomy research. In this
context, AstroSat mission revolutionized spectro-temporal observations and measurements of accretion phenom-
ena, quasi-periodic oscillations, and jet behaviour in binary systems hosting compact objects. Moreover, recently
launched XPoSat mission is set to provide an impetus to these high-energy phenomena around compact objects by
enabling us to conduct polarization measurements in the X-ray band. Further, during the past decade, numerous
gravitational wave signals have been observed from coalescing black holes and neutron stars in binary systems.
Recent simultaneous observation of the GW 170817 event in both gravitational waves and electromagnetic channels
has ushered in the era of multi-messenger astronomy. In the future, synergistic efforts among several world-class
observational facilities, e.g., LIGO-India, SKA, TMT, etc., within the Indian astrophysics community will provide
a significant boost to achieve several key science goals that have been delineated here. In general, this article plans
to highlight scientific projects being pursued across Indian institutions in this field, the scientific challenges that
this community would be focusing on, and the opportunities in the coming decade. Finally, we have also mentioned
the required resources, both in the form of infrastructural and human resources.
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1. Introduction

The study of compact objects spans a wide spectrum of
research areas in physics and astronomy: specifically,
the general relativity (GR) and strong field gravity, nu-
clear and ultra-dense matter physics, relativistic mag-
netohydrodynamics (MHD), thermodynamics and fun-
damental physics covering all the four fundamental in-
teractions in nature, among many others.

The compactness, which is a measure of the to-
tal mass-energy enclosed in a volume, increases from
white dwarfs to neutron stars to black holes. These
compact astronomical objects carry observational im-
prints of relativistic effects of gravity (Psaltis, 2008)
and other fundamental forces that appear under extreme
physical conditions inaccessible to our terrestrial ex-
perimentsﬂ. Astronomical observations incorporate de-
tecting electromagnetic radiation from matter around
these objects, or the neutrinos emitted by the high-
energy matter around these objects, to the extent of de-
tecting gravitational waves that may be emitted due to
the merging of these compact objects. Each of these
aspects invokes cutting-edge theoretical, experimental
and observational methods. In this chapter, we discuss
the science cases of white dwarfs (WDs), neutron stars
(NSs), stellar mass black holes (BHs), and the astro-
physical processes around them in the context of the
Indian astronomical community and the open questions
that we should focus on in the coming decade.

The organization of this chapter is as follows: in
Sections we discuss the research directions that
are currently being worked on in India and the perti-
nent open questions in each of the respective fields. In
Section [6] we discuss future research directions that
are ripe for exploration, the resources that would be re-
quired to pursue them, and the effort required to build
human capital and grow the field.

2. Accretion & Jets

Most compact objects (except white dwarfs), being
small in their physical extent and less luminous by
themselves, cannot generally be detected with their
own emission. However, in-falling gas can get heated
up significantly by viscous dissipation during accre-
tion onto these compact objects, which could radiate
and be detected. An accretion flow, particularly in the
strong-gravity around a compact object, is necessar-
ily a nonlinear radiative general relativistic magneto-
hydrodynamic (MHD) turbulent flow. The accretion
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flow generally settles into a disk due to its angular mo-
mentum and some fraction of the mass and energy is
launched from it as a relativistic or non-relativistic jet
perpendicular to the disk-plane. Depending on the mass
inflow rates, temperatures (which is also related to mass
inflow rate) and magnetic fields, the accretion flow un-
dergoes transitions between different dynamic states,
classified based on their X-ray spectra as ‘hard’, ‘soft’,
‘intermediate’ etc. (see, e.g. Yuan & Narayan, 2014,
for a review).

2.1 Accretion Disks

Modern observations argue about the imprint of strong
magnetic fields in the accretion disk and jet in a black
hole system, often termed as a magnetically arrested
disk (MAD) or magnetically arrested advective accre-
tion flow (MA-AAF). Often such flows exhibit non-
thermal radiation with hard X-rays and gamma-rays.
There has been substantial work in the theoretical un-
derstanding of the accretion and jet processes, partic-
ularly in hard spectral states, through combined mod-
elling of the disk and jet in (non-equilibrium) ra-
diative MHD (Mondal & Mukhopadhyay, 2018, 2020;
Datta et al.,2022). Modelling of the interplay between
radiation, matter, magnetic and gravitational fields is
also related closely to the emergence of quasi-periodic
oscillations (QPOs) that are discussed in Section 2.4

2.2 Formation & Launching of Jets

Astrophysical jets from accretion phenomena have
been observed, resolved, and studied in great de-
tails from radio to X-ray wavelengths (see e.g.,
Begelman ez all, 11984; Mirabel & Rodriguez, (1994
Fender et al., 2004; \Ghisellini & Celotti, 2001)). How-
ever, the exact mechanism by which jets are launched
from near the compact object is not well under-
stood. Seminal work by Blandford & Znajek (1977)
and Blandford & Payne (1982) suggested that the mag-
netic field’s interaction with the accretion flow along
with the effect of black hole’s spin (for the former, par-
ticularly) can pull and accelerate material perpendicular
to the disk plane. Nevertheless, the details of how this
actually occurs around compact objects are unclear (see
however, e.g., Chatterjee & Narayan 2022).

2.3 Disk-Jet Connection

The quiescent accretion state is a unique stage of
accretion when fundamental differences in accreting
objects, like the presence or absence of hard sur-
faces in a neutron star or black hole X-ray binaries,
can be probed by spectroscopy (see [Plotkin ef all,
2013; (Campana & Stella, 2000; [Plotkin et al), 2013
Parikh et al.,[2021). The persistent radio emission dur-
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ing the quiescent state has been detected on several oc-
casions (e.g., [Gallo et all, 2006; [dePolo et al!, 2022),
but its origin is not understood. How a compact ob-
ject behaves during the ultra-low accretion rate is still
far from clear. Few attempts have been made with
Chandra spectroscopic studies due to its ultra-low back-
ground level and showed interesting features, e.g., soft
excess (Reis et all, 2009) similar to that observed in
AGN spectra (Done et all, 2012; |Crummy et al., 2006;
Edelson et all, 2002; [Laor et al., 11997). However, the
study with Chandra is mainly restricted to 9 keV, while
we expect the emission to dominate in the hard X-ray
band (> 7keV). No other existing instrument can study
the ultra-low accretion state. Therefore, the regime is
almost unexplored.

Previously, jets had only been observed in neu-
tron star and black hole binaries, but new simu-
lations and modeling suggest that jets should ex-
ist in cataclysmic variables (CVs) powered by white
dwarfs (Coppejans & Knigge, 2020). Future observa-
tional follow-ups of jets in CVs will be useful for our
general understanding of this astrophysical process.

2.4 QPOs and Variability

QPOs at various timescales (milliseconds to seconds)
seem to be ubiquitous in accreting compact objects,
e.g., Type A, B and C QPOs in 0.1-10.0 Hz fre-
quency range are common in BHXBs (Casella et all,
2005; Belloni et al., 2002; [Homan et all, 2001)) while
milliseconds QPOs are common in acceting neu-
tron stars (van der Klis, 2000; Strohmayer et all,|1996).
However, their physical interpretation is contentious
(van der Klid, 2000; Remillard & McClintock, 2006).
QPOs also show up in magnetars and isolated neu-
tron stars (see e.g. [Kaspi & Beloborodov, 2017),
but these are discussed separately below.  Also
see [Das & Mukhopadhyay 2023 for an attempt to ex-
plain QPOs in black hole and neutron star sources in
a unified manner, and determining spin of black holes
based on them.

There is little understanding as to why and how
QPO properties (central frequency, width) are related to
the radiative properties (X-ray spectra) and the dynam-
ical properties (e.g. accretion rate, presence/absence
of jets, etc). Our understanding of the radiation ge-
ometry of accreting microquasars within ~ 10 gravi-
tational radii vastly depends on spectroscopic model.
The nature of emitting regions closest to the black hole:
the innermost part of the accretion disk emitting in X-
rays. The jet-base observed in optical/IR/X-ray can-
not be easily understood by spectral modelling alone
due to its complex nature. The multi-wavelength, cor-
related, fast variability (of the order of milliseconds)
studies have been proven to be an excellent alterna-
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tive to spectral modelling (Gandhi et all, 2017). Only
a handful of approaches are already successfully pro-
viding the quantitative structure of the innermost part
of the accretion. The fact that fast variabilities can only
originate close to the black hole makes it a robust tool
to probe the innermost accreting geometry. However,
due to the lack of simultaneous availability of multi-
wavelength detectors, only a few efforts were possible
in this direction (Ulgiati et all, [2024; [Vincentelli et all,
2019).

3. White Dwarfs

While binaries containing white dwarfs represent the
simplest case of the evolution of compact binaries,
there are unresolved discrepancies between the current
population models and the properties of the observed
samples (e.g. [Zorotovic et all, 2011; [Pala et al., 2017).
Current theoretical evolution models are still unable to
account for the observed characteristics of the known
populations of white dwarfs in both interacting and de-
tached binaries. The observed samples are highly bi-
ased, and the population models developed to date have
typically been designed to explain the characteristics
of sub-samples of these systems, occupying small por-
tions of the vast parameter space. The main objective
for the coming decade is to put together a sizable and
homogeneous sample of white dwarf binaries that cov-
ers the entire spectrum of evolutionary states, to mea-
sure precisely their physical characteristics, and to de-
velop further the theory to reproduce the characteristics
of the entire population satisfactorily.

Among the most important aspects of compact
binary evolution are the multiple pathways leading
to a Type Ia Supernova (SN Ia). The discovery
of a range of related thermonuclear explosions, such
as SN Iax (Foley et all, 2013) and the calcium-rich
transients (e.g. [Perets et all, 2010, 2011)), as well as
over- (Howell et al., 2006; [Filipnenko et all, 11992a)
and under-luminous (Filippenko et al!, 1992b) SN Ia
challenges our understanding of the evolution of close
binaries containing white dwarfs. While ongoing
and upcoming all-sky high- and low-resolution optical
spectroscopic surveys enable us to increase the sam-
ple of these systems, high-resolution ultraviolet spec-
troscopy is crucial for characterising the white dwarfs
in these binaries. Planning the next ultraviolet mission
must be done immediately because the Hubble Space
Telescope is currently the only facility that offers ultra-
violet spectroscopy.

Detailed studies of the physical and atmospheric
properties of (non-)interacting white dwarfs in close bi-
naries are only possible in the ultraviolet wavelength,
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since the contamination from the companion and/or
accretion disc is minimal at these short wavelengths
(Dattatrey et all,2023). High-resolution (R ~ 20000 —
40000) ultraviolet spectroscopy will accurately char-
acterize the white dwarfs in both interacting and de-
tached binaries. Using the extremely precise Gaia par-
allaxes, effective temperatures and masses of the white
dwarfs can be measured by modelling the broad photo-
spheric Lyman absorption lines. Thus, all other quan-
tities that depend on these parameters can be obtained,
e.g. mass accretion rates and angular momentum loss
rates (Townsley & Génsicke, 2009).

In the case of magnetic CVs, such as AM Her-
culis, the high X-ray spectral resolution instruments,
such as ATHENA, will open new prospects for plasma
diagnostics. Analysing emission line shifts, we will
gain a three-dimensional picture of the accretion col-
umn, locate the line emission regions, derive parame-
ters of the accretion shock, and directly determine the
white-dwarf masses from the gravitational redshift. Re-
peated observations allow for detailed variability stud-
ies of magnetosphere and plasma properties.

Fast-timing features, like the presence of QPOs,
have been found from a high-density, compact re-
gion (<1 AU) (Singh et all, 2021)) during the super-
soft phase (SSS) of the recurrent nova (Page et al.,
2020) with very high time-resolution observations in X-
rays (thanks to NICER). However, the origin of these
QPOs is not yet clear. It is associated with the spin-
period; however, low coherence remains unexplained.
The short-term variability as observed in X-ray bina-
ries is also found during the SSS phase in a sam-
ple of novae. With the advent of the eROSITA sur-
vey, many galactic compact candidates (or compact ob-
jects in the Magellanic Clouds) are being discovered
and will also be discovered in the future. Thus, the
time has ripened for the follow-up of X-ray or multi-
wavelength observations as they are necessary for the
purpose. Another example that compels the require-
ment of the dedicated multi-wavelength campaigns:
Jets are ubiquitous phenomena in accreting sources.
Recent works have shown evidence for powerful jets in
white dwarfs (Coppejans et al., 2015), accreting neu-
tron stars (Migliari & Fender, 2006), transitional mil-
lisecond pulsar systems (Deller et all,2015), X-ray pul-
sars. Therefore, it is the right time to explore similar-
ities and differences between CVs and X-ray binaries.
The so-called dwarf novae (DNe), exhibit dramatic out-
bursts, with recurrence times ranging from weeks to
decades similar to that observed in low-mass X-ray bi-
naries (LMXBs) with neutron stars and black holes as
the accretors. To date, SS Cyg is the only CVs with suf-
ficient observations to test the accretion-jet framework.
Currently, sensitivity is a key limiting factor, but future
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generation telescopes such as Square Kilometre Array
(SKA) will make a significant difference. SKA will be
roughly contemporaneous with other International fa-
cilities like Large Synoptic Survey Telescope (LSST),
Thirty Meter Telescope (TMT) etc. in optical/IR bands
and next-generation successors of Chandra and XMM-
Newton such as ATHENA missions. Therefore, multi-
waveband observational efforts with wide fields of view
will be the key to the progress of this area of transients
astronomy.

3.1 Magnetized & Spinning White Dwarfs

It is very challenging to model the effects of magnetic
fields on the structure and behaviour of compact ob-
jects. However, in the recent times there have been
successful efforts leading to modeling the observation
and understanding interesting phenomena. AR Scorpii
(AR Sco) has been discovered as a close binary sys-
tem (Po, = 3.56 hrs) comprising a strongly magne-
tized, rapidly spinning (Pgi, = 117s) WD and an M-
type main sequence companion star. The system shows
pulsed emission over a broad wavelength ranging from
radio to X-rays, which has been observed to be modu-
lated over the spin period of the WD and is related to its
magnetic interaction with the companion star. There-
fore, AR Sco is also dubbed as a WD pulsar because its
non-thermal broadband emission appears to be gener-
ated by the spin-down energy of rapidly spinning mag-
netized WD.

The physical process involved in the pulsed emis-
sion from AR Sco, however, is not the same as for
traditional isolated neutron star radio pulsars and con-
tinues to be elusive. [Singh et al! (2020) used multi-
wavelength archival data from radio to X-ray observa-
tions to model the time-averaged spectral energy dis-
tribution of AR Sco under the framework of the lep-
tonic emission model. Theoretical modeling suggests
that such systems should also be a faint but detectable
source of gamma-rays above 100 MeV, making them
good targets for study with the recently inaugurated
Major Atmospheric Cherenkov Experiment (MACE;
Singh, 2022). Mukhopadhyay et all (2017) also ex-
plored the possibility that AR Sco acquired its high-
spin and magnetic field due to repeated episodes of ac-
cretion and spin-down. An accreting white dwarf can
lead to a larger mass and consequently a smaller radius
thus causing an enhanced rotation period and a mag-
netic field, as AR Sco exhibiting, which was confirmed
by the authors.

The presence of a strong magnetic field and ro-
tation in a white dwarf can also alter the limiting
mass of white dwarfs which is expected to lead to
the over-luminous type Ia supernovae (SNela). Such
over-luminous SNela offer the existence of super-
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Chandrasekhar white dwarfs of mass as high as 2.8Mg,
which cannot be explained by the merger of two white
dwarfs. The magnetic field appears to be one of
the exciting viable potential reasons behind such mas-
sive white dwarfs (see, e.g., IDas & Mukhopadhyay
2013; [Subramanian & Mukhopadhyay 2015).  On
the other hand, gravitational wave detection, e.g.
GW190814, argues for a massive neutron star of mass
2.6My(Zuraiq et all 2024, unless it is a very light as-
trophysical black hole). In either of the massive com-
pact objects, conventional matter therein, i.e. equation
of state (EOS), cannot explain them. While EOS for
white dwarfs is more or less fixed, EOS for neutron
stars, while uncertain at high density due to uncertain-
ties of strong interactions, becomes softer due to the
possible emergence of hyperons. Hence, strong mag-
netic fields could be one of the most potential reasons
to make them massive.

4. Neutron Stars

4.1 Structure & Equation of State

The structure and composition of the neutron stars have
remained elusive to date, even after more than half a
century since their discovery as radio pulsars in 1967.
It remains one of the biggest unsolved problems in
astrophysics. The interior of a neutron star harbours
the densest form of matter in the observable universe.
Neutron stars that are not newly born are cold, de-
generate objects compared to the Fermi temperature of
ultra-dense state of hadronic matter governed by the
strong nuclear interaction, one of the four fundamen-
tal forces in nature (Lattimer & Prakash, 2007). Thus,
understanding the structure and composition of these
extreme objects is one of the most important prob-
lems that needs to be addressed and resolved satisfac-
torily in the next couple of decades. The key idea to
this understanding is to observationally constrain the
theoretically proposed EOS of hadronic matter in the
high density, supra-nuclear, cold, degenerate condition
along with possible corrections to it due to effects of fi-
nite temperature and presence of strong magnetic fields
(seeDeb et al.2021)).

Basic nuclear physics predicts several properties of
dense matter that can be experimentally measured, e.g.,
binding energy, charge radii, giant monopole and mul-
tipole resonances. Terrestrial experiments at nuclear
accelerators and colliders can constrain nuclear inter-
actions of many-body physics to varying degrees. The
density at the centre of large nuclei can give us use-
ful constraints on the nuclear symmetry energy and its
density dependence along with the behaviour of the
iso-spin asymmetry parameter. However, a strong con-
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straint in this context can be achieved for matter den-
sities only up to nuclear saturation density (pg), or per-
haps a bit higher value (= 1.5 — 2py), from the first
principle calculations of chiral effective field theory (y-
EFT) and the properties of finite nuclei at terrestrial ex-
periments. On the other hand, the core of a massive
neutron star can host hadronic matter at much higher
densities, depending on its property, it can go as high
as & 6 — 8pg. At this high density, many of the ex-
otic nuclear degrees of freedom become theoretically
possible. For example, the existence of a quark star or
hybrid star, hadron-to-quark phase transition, the exis-
tence of hyperonic matter, strange quarks, and various
types of condensates of mesons are some of the most
intriguing questions that need to be answered. This is a
completely new, unexplored domain of extreme matter
physics that is inaccessible experimentally other than
astronomical observations of certain properties of neu-
tron stars. Another related point is superfluidity and su-
perconductivity. At such high densities, proton Cooper
pairs are expected to form which offers the possible su-
perconducting phase of a neutron star, depending on
its internal temperature and underlying critical temper-
ature.

Observations of various stellar structural properties
of neutron stars, e.g., mass, radius, tidal deformability,
moment-of-inertia, quasi-normal mode, can provide
us with a promising direction to understand the above
mentioned states of matter (Lattimer & Prakash, 2007).
The most widely adopted view in this regard is to exer-
cise observational constraints on theoretically proposed
EOS of the neutron stars. The global structural prop-
erties of the neutron star, such as mass, radius, tidal
deformability and moment-of-inertia of neutron stars
are governed by the equations of state as predicted from
their stable solutions of Tolman-Oppenheimer-Volkoft
(TOV) equation for hydrostatic equilibrium in general
relativity. Recent observations of binary neutron star
merger GW170817 event have strongly constrained
a number of stiff EOS (Abbott et all, 2017, 2018;
Lattimer, 2019) which has been predominantly esti-
mated using relativistic mean field theory framework.
Subsequently, we observed further constraints on neu-
tron star EOS from X-ray observations of hot-spots on
the surface of a couple of neutron stars (Miller et all,
2019; Raaijmakers et all, 2019). Combined with the
multi-messenger observations of these neutron star
properties with the experimental constraints from
the physics of finite nuclei, it can provide a tighter
constraint on the EOS (e.g. Raaijmakers er all,
2020). Several recent studies have also combined
multi-disciplinary information from nuclear theory
calculations of Chiral effective field theory at low
densities, heavy-ion collisions at intermediate densities



J. Astrophys. Astr. (0000)000: ####

and multi-messenger astrophysical data and pertur-
bative QCD calculations at high densities to impose
constraints on the dense matter EOS |Ghosh et al.
(2022a)b); IShirke et all (2023a). X-ray observations
have significantly advanced our understanding of
neutron star structures and EOS of ultra-dense mat-
ter. Instruments like NASA’s Neutron Star Interior
Composition Explorer (NICER) (Gendreau ef all,
2016) have provided precise measurements of
neutron star masses and radii, offering critical con-
straints on theoretical EOS models. For instance,
NICER’s observations of pulsars PSR J0030+0451
and PSR J0740+6620 have yielded mass-radius
estimates that challenge existing EOS predictions,
suggesting that neutron star matter is less compress-
ible than previously thought (Miller et all, 2019;
Riley et al., 2019; Miller et all, 2021); Riley ef all,
2021);IChoudhury et al., 2024).

Despite these advancements, current X-ray in-
struments face limitations (such as detecting fainter
sources) that hinder a comprehensive understanding of
neutron star interiors. The limited sample size of neu-
tron stars further constrains the generalization of find-
ings across the neutron star population. Many pre-
cise mass measurements rely on neutron stars in bi-
nary systems, which may not fully represent isolated
neutron stars with potentially different structural prop-
erties. To address these challenges, instruments such
as eXTP (Zhang et all, 2019), STROBE-X (Ray et all,
2019) with larger collecting area and higher time reso-
Iution would significantly enhance sensitivity, enabling
more precise measurements of neutron star properties
and better constraints.

For neutron stars, X-ray polarization provides valu-
able insights into the structure of the powerful magnetic
fields present on their surfaces. The degree and angle
of polarization can help determine the configuration of
these magnetic fields, revealing whether they are dipo-
lar or have a more complex structure. X-ray polariza-
tion measurements, particularly in the soft X-ray band,
allow us to explore the thermal emission from the sur-
face of neutron stars. This thermal emission is closely
tied to the neutron star’s EOS. By analyzing the polar-
ization of this emission, we can gain a deeper under-
standing of the internal composition and structure of
neutron stars.

4.2 Pulsars

A sub-sample of neutron stars emits beams of electro-
magnetic radiation that make them detectable as pul-
sars. Their spin period is very stable and so the pulses
detected as they spin are like the ticks of an extremely
precise clock. Pulses from the pulsars are detected only
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when their beam of emission is pointed toward Earth.
The fastest rotating neutron stars with a spin period of
less than 30 ms are called millisecond pulsars (MSP).
The presently known population of about 3400 pulsars
is less than 5% of the predicted number of detectable
radio pulsars (e.g. [Faucher-Giguere & Kaspi,[2006), in-
dicating that a lot of new pulsars are going to be discov-
ered with existing and upcoming sensitive observing fa-
cilities as well as with improved analysis techniques.
Recently the blind and targeted surveys using the Gi-
ant Meterwave Radio Telescope (GMRT) have resulted
in the discovery of pulsars including millisecond pul-
sars, very wide profile pulsars, pulsars with gamma-
ray counterparts, etc (GHRSS survey, Bhattacharyya et
al. 2016, 2019) and the Fermi directed targeted sur-
vey (Bhattacharyya et al., 2013; [Bhattacharyya et al.,
2021); [Bhattacharyya et all,2022; Roy et all,2015).

Pulsars can be used as remarkably precise “celes-
tial clocks” to explore many different aspects of physics
and astrophysics. Precision pulsar timing is the ex-
ploration of this concept using the measurement of
a sequence of pulse time of arrivals (ToA) ranging
from hours to decades. Being extremely stable rota-
tors, MSPs act as laboratories for the study of mat-
ter in extreme conditions. Long-term timing of the
MSPs can probe these precise timekeepers. As ex-
amples, an ensemble of pulsars has been used to de-
tect low-frequency gravitational waves (Agazie et all,
2024). They can be used to put limits on alterna-
tive theories of gravity (Bagchi & Torres, 2014), dense
matter equations of state (Bagchi, [2018; [Kramer et all,
2021)). Moreover, as (Kumari et al., 2022) published a
decade of timing study for a MSP discovered by the
GMRT that has allowed the team to get a precise esti-
mation of the velocity of this MSP as well as to study
its orbital behaviour and properties of the intervening
medium. The equations of state of cold nuclear mat-
ter can be probed using reliable estimates of neutron
star mass. However, such measurements possible with
the timing of millisecond pulsars at radio frequencies
are rare. The recent effort of neutron star mass esti-
mates from gamma-ray eclipses in compact millisec-
ond pulsar binaries (which were discovered in Fermi-
directed radio searches) using the Fermi-gamma ray
telescope (Clark et all, [2023) provides useful input for
that. This is an example where the synergy of radio ob-
servations (where GMRT also participated) along with
the Fermi-gamma-ray space telescope allowed the team
to reach the science goal.

Recently, a number of pulsars have been discovered
below the conventional death line (Zhou et all, 2024),
challenging our current understanding of pulsar radio
emission mechanism. We might expect more such ‘be-
low death line’ pulsars to be discovered in the future
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with SKA. Study of their properties observationally and
theoretically will improve our understanding of radio
pulsar emission mechanisms and their turning off.

4.3 Accretion and Nuclear-Powered Millisecond Pul-
sars in Low Mass X-ray Binaries

Rapidly rotating neutron stars (NS) are also found
in binary systems with a low-mass companion star
(Iess than one solar mass) and have relatively weak
magnetic fields, typically in the range of ~ 10% — 10°
Gauss. Many of these systems are in globular clusters,
old star clusters that allow enough time for magnetic
fields to decay from the much stronger fields seen
in younger neutron star (usually above 10'? Gauss)
to significantly weaker levels. As a result, it was
suggested that old neutron star could be spun up to
millisecond periods through the accretion of matter and
angular momentum during a Low Mass X-ray Binary
(LMXB) phase. This process is known as the recycling
scenario (see e.g., [Bhattacharya & van den Heuvel,
1991)). These weakly magnetized, accreting NSs in
LMXBs can be spun up to rates of several hundreds of
Hertz (Alpar et al!, [1982) and are known as accreting
millisecond X-ray pulsars (AMXPs). So far, only 25
AMXPs (see, e.g., [Patruno & Watts, [2012; [Bult ef all,
2022; INg et al., 2022; Beri et al., 2023a) have been
found, and the discovery of these systems forms an
important missing link in the recycling scenario (see
e.g., IDiSalvo & Sanna, 2020; [Papitto & de Martina,
2022). Courtesy to the availability of detectors in
radio, optical, X-ray, and Gamma-ray bands, the
recycling scenario has also been investigated in the
multi-wavelength observations: the evolutionary path
leading to the formation of a Millisecond-spinning
Pulsar.

In addition, there exist nuclear-powered X-ray mil-
lisecond pulsars (NMXPs) (see e.g., Strohmayer et all,
1998, 11999; |Strohmayer, [2001)) in NS-LMXB systems.
In NMXPs coherent millisecond period brightness
oscillations have been observed during thermonuclear
X-ray bursts (sudden eruptions in X-rays, intermit-
tently observed from NS-LMXBs). Besides, there
exists a partial overlap between AMXPs and NMXPs
which implies, some AMXPs are also NMXPs and
vice versa (for example, SAX J1808.4-3658, IGR
J17511-3057, HETE J1900.1-2455, XTE J1739-
385 |Chakrabarty et all, 2003; [Strohmayer et al.,
2003; |Altamirano et al), 12010; [Bhattacharyyad, 2010;
Bilous & Watts, 2019; Beri et all, 2023a). Currently,
only 19 confirmed NMXPs (see Bhattacharyya, 2022,
for a recent review) are known.

Therefore, to be able to hunt for more such systems,
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we need timing and spectroscopic instruments with
large effective area not only in X-rays, but also in UV
and optical bands to be able to detect any short time-
scale stochastic and/or periodic UV-variability and cor-
relate this against the variations seen at optical/X-ray
wavelengths.

4.4 X-ray Pulsars

One of the key observational signatures in studying
the magnetic fields of these neutron stars is the detec-
tion of cyclotron resonance scattering features (CRSFs)
in their X-ray spectra (see e.g., IMaitra et all, 2018;
Varun et all, 2019; Beri et all, 2021a; |Devaraj et all,
2024). These features are directly linked to the strength
of the magnetic field and result from the modification
of the Compton scattering cross-section under the influ-
ence of intense magnetic fields. The X-ray polarization
observed in these pulsars, particularly when resolved
by the pulse phase, is highly sensitive to the topology
of the neutron star’s magnetic field due to this effect.

Theoretical models predicted a high polarization
degree (PD) of approximately 60-80% in these sys-
tems. However, recent observations by IXPE (Imag-
ing X-ray Polarimetry Explorer) have revealed a sur-
prisingly lower PD of 10-20%, first observed in pulsar
Her X-1 (Doroshenko et al.,[2022) and subsequently in
other pulsars. Although the cause of this discrepancy
remains uncertain, it is speculated to be related to the
properties of the neutron star’s atmosphere.

POLIX on-board XPoSat (India’s first dedicated X-
ray polarization instrumentd), with its sensitivity to
higher energy photons compared to IXPE, is expected
to provide crucial insights into this issue. Given that the
pulsed fraction—representing the relative strength of
pulsations—increases with energy, POLIX could poten-
tially detect the anticipated polarization enhancement
near the CRSF. This feature, typically found around 30-
40 keV, has not been observed before in polarization
studies.

Laboratory experiments and simulations suggest
that POLIX could indeed observe this polarization en-
hancement in bright sources, which would offer sig-
nificant contributions to our understanding of magnetic
field configurations in these systems. After the launch
of XPoSat, several X-ray pulsars have been observed
including Crab and the dedicated teams are analyzing
these data and heavily involved in understanding any
background contributions. Furthermore, the combina-
tion of broadband X-ray polarization and X-ray inter-
ferometry could greatly enhance the study of CRSFs
by resolving the specific regions on the neutron star’s

2World’s second X-ray polarization mission
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surface where these features originate, providing a de-
tailed map of the magnetic field structure.

4.5 Ultra-luminous X-ray Sources

Ultra-luminous X-ray sources (ULXs) are point-like,
off-nuclear objects with X-ray luminosities exceeding
the Eddington limit for a ~ 10-solar-mass black
hole (Lx > 10%ergs/sec). Initially, these sources
were believed to be intermediate-mass black holes
(IMBHs) accreting at sub-Eddington rates. However,
the recent discovery of neutron stars within some of
these extra-galactic ULXs has confirmed that super-
Eddington accretion can occur in certain cases (e.g.,
Bachetti et al., 2014} [Fiirst ef al., 2016). This finding
has sparked an ongoing debate about the true nature of
the compact objects driving ULXs and producing such
extreme X-ray luminosity.

ULXs are often located in crowded fields, making
it difficult to distinguish them from nearby sources.
Therefore, advanced imaging capabilities with high
angular (sub-arcsecond) resolution, similar to that
of the Chandra X-ray Observatory, are essential for
resolving ULXs from confusing nearby sources. The
discovery of pulsations in the X-ray data of ULX M8&2
X-2 revealed that ULXs can be powered by NS. This
has led to the identification of a new subclass known as
ULX pulsars. Given that only a few ULX pulsars have
been identified so far, conducting detailed studies of
known systems and searching for new ones is crucial
to advance our understanding of these objects. An
instrument with fast timing and monitoring capabilities
would be critical in the search for new ULX pulsars.

Additionally, detecting proton cyclotron line allows
magnetic field measurement in these systems. This
will help verifying the idea if they are highly magne-
tized stellar mass black hole sources accreting at the
sub-Eddington rate (Mondal & Mukhopadhyay, 2020).
ULXSs exhibit several spectral features that are impor-
tant for understanding the accretion geometry in these
systems. These include a spectral cut-off around 6-
10 keV, an emission line near 0.9 keV (suggesting
the presence of outflows), and a hard X-ray tail (see
e.g.,Jaisawal et all,2019; Beri et all,2021b;[Lin et al.,
2022; |(Chhotaray et all,12024), all of which require fur-
ther investigation to determine their origin. In order
to accurately constrain these features, observational fa-
cilities equipped with broadband X-ray coverage (from
sub-keV to ~ 100 ke V) of high sensitivity, good energy
resolution, and millisecond timing resolution is essen-
tial.
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4.6 Physics and Astrophysics with Gravitational
Waves

Neutron stars are one of the most suitable tools to study
gravitational physics. When neutron stars are binary ra-
dio pulsars, they can be used to test various aspects of
general relativity and put better constraints on alterna-
tive theories of gravity. Stable millisecond pulsars can
be used to detect nano-Hz gravitational waves and this
effort is already ongoing by the Indian Pulsar Timing
Array consortium as a member of the International Pul-
sar Timing Array collaboration. Hence, more synergy
between neutron star researchers with the researchers
working on gravitational physics is encouraged.

One of the primary goals in this research area is
to focus on various aspects of nuclear physics in the
context of astronomy and astrophysics. In particu-
lar, there has been an effort to pursue the measure-
ments of nuclear matter properties of the dense, de-
generate state of hadronic matter at the core of the
neutron stars (Forbes ef al.,[2019; Dietrich et all,2020;
Capano et al!,2020; Huth et all,2022). Recently grav-
itational wave observation of the GW170817 event has
enabled us to put strong constraints on the neutron
star EOS (Abbott er al!,12017,2018; Miller et all,2019;
Riley et al., 2019; Raaijmakers et al!, 2019). In the
future, as the sensitivity of GW detectors increases,
we will observe many such events of binary neu-
tron star (BNS) mergers and will detect them with
larger signal-to-noise ratios (SNRs) (Maggiore et all,
2020; [Evans et all, 2023).  Several groups in In-
dia are involved in incorporating state-of-the-art con-
straints from multidisciplinary physics at different den-
sity regimes (nuclear theory, nuclear and heavy-ion
experiments, multi-messenger astrophysics) within a
Bayesian approach to get a unified picture of nu-
clear interactions (Ghosh et all, [2022a,b; IShirke et all,
2023a; [Biswas et al!, [2021; [Biswas, 2022; Imam et all,
2022,12024; Malik et al.,2022;Patra et all,[2022,2023;
Venneti et al.,2024; Roy et al.,2024).

Continuous gravitational waves (CW) are an-
other class of GW signals that the LIGO-Virgo-
KAGRA (LVK) community is actively searching
for but hasn’t detected yet (Riles, 2023; [Wette,
2023). Detecting these signals from accreting neu-
tron stars in low-mass X-ray binary systems (e.g.,
Sco X-1) is a prime objective (Mukherjee et all,
2018; Kar et al), 2025). An active effort is in
place to detect these CW signals from X-ray bright
sources, e.g., Sco X-1 (Abbotteral), 2022bja;
Mukherjee et al., [2023), as well as known pulsars in
our galaxy (The LIGO Scientific Collaboration et all,
2025). However, searching large volume of un-
known source parameters is a computationally
challenging barrier that we need to overcome in
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the future (Mukherjee et all, 2023; [Wette, [2023).
Gravitational wave emissions from unstable os-
cillations in neutron stars also contain signatures
of their internal composition and can also be
important probes of the EOS. There have been
several recent investigations on the effect of the
nuclear EOS in neutron star quasi-normal modes
such as f-modes (Pradhan & Chatteriee, 2021}
Pradhan et al., 2022, 2023, 2024;; [Shirke et all, 20231
Mondal & Bagchi, 2023) or g-modes (Tran et all,
2023), which may be excited during inspiralling
binaries or r-modes (Ghosh et al., 2023; |Ghosh, 2023)
which are possible sources of CW emission.

4.7 Understanding the population of neutron stars

Neutron stars are observable in various forms, e.g. ac-
creting X-ray binaries, radio pulsars, magnetars, X-ray
dim isolated neutron stars (XDINSs), etc. However, it
is not known what fraction of each of these populations
has been discovered and what fraction is yet to be dis-
covered. Hence, a detailed population synthesis study
will be necessary. It will also be good to know which
part of the Galaxy harbour more undiscovered neutron
stars.

Several aspects of transient astronomy depend on
our understanding of compact object binaries. One cru-
cial aspect of this is related to the details of the super-
nova physics which determines the birth mass function
and natal kicks the compact objects receive. Uncer-
tainties also remain in creating a metallicity-dependent
map between compact objects and their progenitors.
Distinguishing stellar BHs from NSs is another crucial
issue, and related to this, it is important to constrain the
upper mass limit of NSs and lower mass limit of BHs,
and whether there is a mass gap between the two.

4.8 Evolutionary links among different neutron star
classes

Today, the number of neutron stars discovered is
>3500 with a wide variety of observational character-
istics. Yet, they belong to three basic categories - a)
the rotation-powered pulsars (RPP); b) the accretion-
powered pulsars (APP) and c) the internal energy pow-
ered (IEP) objects where the emission comes from
certain internal reservoirs of energy like the post-
formation residual heat or energy stored in ultra-strong
magnetic fields. These categories are neither mutually
exclusive, nor are their evolutionary connections un-
known. One of the prime challenges of neutron star
research has always been to find a unifying theme to ex-
plain the menagerie of disparate observational classes.

The connection between the RPP and APP has been
studied through the decades and is quite well under-
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stood. The latest focus on this line of investigation
is the development of a detailed theory of magneto-
thermal evolution and interconnections between differ-
ent types of isolated neutron stars, where the target ob-
jects include radio pulsars and most of the IEP class
objects such as magnetars, the central compact objects
(CCOs), and the X-ray dim Isolated Neutron Stars.

Observational evidence for evolutionary connec-
tions between the IEPs and radio pulsars has also
started accumulating of late. A number of slow radio
pulsars, with periods as large as or larger than typical
IEPs (like, J1903+0433, P, = 14.05s and J0250+5854,
P, = 23.54s), have been detected only with ad-
vanced observational capabilities (Khargharia er all,
2012; [Kou et all, 2019; |Agar et all, 2021)). Magnetar-
like X-ray bursts have been detected from high-
magnetic field radio pulsars, and some of the Magnetars
have also been observed to emit periodic radio pulses.
Clearly, the boundary between the RPPs and the IEPs
is getting blurred. The need of the hour is to develop
robust theoretical models to describe these interconnec-
tions and the evolutionary pathways.

The nature and the evolution of the magnetic field,
ranging from 10® G in millisecond pulsars to 10" G in
magnetars, is an important factor shaping such evolu-
tionary pathways. It plays an important role in deter-
mining the evolution of the spin, the radiative proper-
ties, and the interaction of a neutron star with its sur-
rounding medium. Consequently, understanding the
nature of the magnetic field, particularly in high-field
objects, is also of great importance in today’s neutron
star research.

5. Black Holes

5.1 Spin: A Window into Black Hole Dynamics

Black holes remain one of the most enigmatic and
captivating phenomena in astrophysics, pushing
the boundaries of our understanding of fundamen-
tal physics. The angular momentum J of a black
hole having mass M, can be defined in terms of its
dimensionless spin @ = Jc/GM?*. This provides
important input into the theoretical understanding of
the endpoints of stellar evolution and the asymmetric
supernova kicks that create such misaligned systems.
Moreover, black hole spin — a measure of its angular
momentum — plays a crucial role in shaping the
behavior of the surrounding accretion disk, driving
energetic outflow-like relativistic jets, which are of
great wider relevance since feedback onto the sur-
roundings through expulsion of matter is believed to
allow supermassive BHs to regulate galaxy formation
and influence star formation by either quenching it
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through gas expulsion (see e.g., IDi Matteo et all,
2003; ISpringel et all, 2005; Dubois et al!, 2012) or
triggering it via shock compression and turbulence
(see e.g., Silk & Rees, [1998; |Gaibler et all, 2012;
Beckmann et all, 2025). A new mission concept
High Energy X-ray Probe (HEX-P; 0.2-80 keV) has
also been proposed to NASA to probe super-massive
BHs growth and driver of Galaxy evolution (see
Garcia et all,[2024; Connors et al., 2024, for details).

Observations from advanced X-ray missions, such
as NuSTAR and XMM-Newton, have provided signifi-
cant breakthroughs in measuring spin of black holes in
X-ray binaries. These measurements rely on the de-
tailed analysis of reflection features arising from the in-
nermost regions of the accretion disk, where relativistic
effects are most pronounced. The iron Ka-line at 6.4
keV is a particularly powerful diagnostic, as its broad-
ening and skewing — caused by gravitational redshift,
Doppler and light bending effects near the event hori-
zon — offer a direct window into estimation of spin
of the black hole. Additionally, Compton reflection
hump, a feature peaking at ~ 20-30 keV, provides
complementary information about the inner disk radius
and the intensity of X-ray reflection, which are influ-
enced by spin. Several studies have been performed
that have significantly advanced theoretical and obser-
vational techniques for extracting spin parameters from
X-ray spectra, underscoring the critical role of high-
resolution spectroscopy in refining our understanding
of black hole accretion physics (e.g., IReynolds, 2014;
Garcia et all,2014).

Nonetheless, uncertainties arising from assump-
tions about the accretion disk structure-such as devia-
tions from a thin, Keplerian disk-necessitate improved
modeling and observational techniques. The compli-
cation arises due to complex hydrodynamic and radia-
tive processes active in these systems. While the In-
dian community, by and large, have been using avail-
able codes to describe such complex spectra and test-
ing them on AstroSat and other satellite data, there is a
potential for the community to significantly contribute
to the creation of next generation of those codes.

The potential development of X-ray interferome-
try (Uttley et al!, 2021) could mark a groundbreaking
leap in our ability to study fine details in the high-
energy universe. Once realized, this technology would
achieve resolutions as fine as micro-arcseconds, poten-
tially enabling direct imaging of regions near a black
hole’s event horizon. Similar to the success of Event
Horizon Telescope in the radio spectrum, X-ray inter-
ferometry would operate at much higher energies, of-
fering the chance to observe entirely different physical
processes. By resolving the iron K, line-profile from
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the accretion disk, it could provide detailed measure-
ments of velocity and gravitational redshift as functions
of position, paving the way for precise determinations
of black hole mass and spin.

A critical aspect of an X-ray interferometer is its
optical system. X-ray mirrors require grazing incidence
reflection. Recent advancements in lithographic tech-
niques (also used in ATHENA optics) enable the fabri-
cation of high-precision flat mirrors, including slatted
mirrors that facilitate the parallelization of interfering
beams (Willingale, 2004). Another key factor in its suc-
cess is imaging sensitivity, requiring large collecting ar-
eas and highly efficient detectors. Current technologies,
such as Transition Edge Sensors (TES) (also proposed
for Lynx (Bandler et all, 2019)), provide exceptional
energy resolution (~ 2 eV), but they require cryogenic
cooling, adding complexity to space missions. An al-
ternative approach could involve developing novel one-
dimensional (1D) pixel arrays, reducing the need for
extensive cryogenic systems while maintaining high-
resolution capabilities in the long term; beyond 30
years, India could aim for a full-scale, multi-spacecraft
X-ray interferometry mission capable of achieving sub-
micro-arcsecond resolution.

5.2 Relativistic Jets: its origin and production mecha-
nism of the non-thermal components

Relativistic jets, streams of highly energetic parti-
cles ejected from the vicinity of black holes, are
among the most dramatic astrophysical phenomena.
These jets are believed to originate from the inter-
play between the black hole’s spin and its magnetic
field, with two competing mechanisms proposed: the
Blandford-Znajek process that links jet formation to
the extraction of rotational energy from the black
hole (Blandford & Znajek, [1977), and the Blandford-
Payne process that attributes jet production to disk
winds (Blandford & Payne, [1982). X-ray interferom-
etry offers a promising avenue to directly resolve the
jet base and its connection to the accretion disk, poten-
tially distinguishing between these mechanisms. Ob-
servations of the velocity structure and magnetic fields
in the jet-launching region could illuminate the pro-
cesses driving relativistic jets, addressing long-standing
questions about their origins and energetics. Simultane-
ous multi-wavelength observations at regular and high
cadence of sources (especially those with jets) need to
be undertaken in a coordinated manner. With a number
of meter-class optical telescopes, GMRT, AstroSat and
future observatories, India can make a significant con-
tribution in this area. Our involvement in the Cerenkov
Telescope Array (CTA) would also be crucial for such
an endeavour.
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5.3 X-Ray Variability: nature and geometry of accre-
tion flows near the event horizon

The variability of X-ray emissions from black hole bi-
naries across a wide range of timescales — from mil-
liseconds to years —provides a direct window into the
dynamic processes occurring near the event horizon.
QPOs are particularly significant as they represent os-
cillatory phenomena within the accretion disk, offering
potential diagnostics of black hole spin, disk structure,
and the interaction of the disk with the black hole’s
relativistic environment. Low-frequency QPOs, typi-
cally observed at 0.1-30 Hz, are associated with fluc-
tuations at the inner edge of the accretion disk, while
high-frequency QPOs, in the range of 40 — 450 Hz, are
thought to correspond to Keplerian motion at the inner-
most stable circular orbit (ISCO).

Instruments such as the PCA onboard RXTE satel-
lite was foundational in timing studies, leveraging its
high temporal resolution and large effective area to de-
tect weak and transient QPO signals. It enabled precise
power spectral analysis, revealing the presence of mul-
tiple QPO modes and their correlations with spectral
states in black hole binaries. Building on these foun-
dations, AstroSat has significantly contributed to our
understanding of X-ray variability with its LAXPC and
SXT.

LAXPC, which is sensitive in 3 — 80 keV energy
range, provides high temporal resolution and excel-
lent sensitivity for bright sources, making it particu-
larly suited for QPO studies. For example, Yadav et al.
(2016) used LAXPC to study QPOs in GRS 1915+105,
exploring their energy dependence and correlations
with X-ray spectral states. Similarly, Misra et al.
(2017) examined variability in Cygnus X-1, leveraging
LAXPC data to analyze spectral-timing correlations. The
SXT, covering the 0.3-8 keV range, complements these
observations by providing broadband spectral cover-
age and allowing simultaneous studies of variability
and spectral features. |Singh et all (2017) demonstrated
the utility of SXT in mapping low-energy variability in
black hole binaries.

Advanced techniques such as time-lag analysis
and frequency-resolved spectroscopy have further en-
hanced the insights gained from AstroSat data. Time-
lag analysis, used to measure delays between correlated
signals in different energy bands, has been instrumen-
tal in identifying physical origins of variability, such
as disk-corona interactions or relativistic light-bending
effects. Frequency-resolved spectroscopy, which dis-
entangles the spectral contributions of different vari-
ability components, has allowed for detailed stud-
ies of how changes in the accretion flow propagate
through the system, providing a deeper understand-
ing of the geometry and dynamics of accretion flows
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(see e.g., Revnivtsev et al.,|1999; |Gilfanov et all,2003;
Uttley et all, 2011); Ingram & Done, 2012). Despite
these advancements, AstroSat’s sensitivity is limited,
particularly for the faint sources or weak QPOs. This
limitation underscores the need for next-generation in-
struments with higher sensitivity and improved imag-
ing capabilities. Moreover, to obtain a comprehen-
sive understanding of the accretion geometry, we need
simultaneous multi-wavelength observations. For ex-
ample, recent studies on the black hole candidate
Swift J1357-0933 have provided critical insights into
variability mechanisms in transient systems (Beri et al.,
2019; Paice et all, 2019; Beri et all, 20231).

5.4 X-Ray Transients: Tracking State Transitions

X-ray transients, which exhibit dramatic changes in lu-
minosity and spectral properties, provide a unique op-
portunity to study the transitions between different ac-
cretion states in black hole binaries. These transitions
are often accompanied by shifts in the geometry of
the accretion disk and the corona, offering crucial in-
sights into the physical processes governing these sys-
tems (Chakraborty et al., 2011)). Disk instability mod-
els, such as the “inside-out” or “outside-in” scenar-
ios, have been proposed to explain the onset of out-
bursts (Dubus ef al., 2001)), but observational limita-
tions often hinder a detailed understanding of these
phenomena.

Multi-wavelength campaigns combining X-ray, op-
tical and ultra-violet observations have been proven es-
sential for capturing the evolution of transients. The
XB-NEWS monitoring program, which uses optical
observations to identify potential transient sources, has
been instrumental in enabling follow-up observations
with AstroSat. With its suite of instruments such as
LAXPC, SXT, and UVIT, AstroSat provides a powerful
platform for studying transients across multiple wave-
lengths. The combination of optical monitoring from
XB-NEWS and rapid-response X-ray follow-up with
AstroSat has enabled the capture of crucial early out-
burst phases. These phases often exhibit unique signa-
tures in disk geometry and coronal properties that are
key to understanding state transitions.

However, rapid rescheduling constraints often limit
the ability to capture the very early stages of these
outbursts where disk instability mechanisms are most
active. To address these challenges, future observa-
tional strategies will require wide-field monitoring in-
struments in the soft-to-medium energy X-ray bands
coupled with fast-response capabilities. Such systems
would complement the strengths of AstroSat and XB-
NEWS, expanding the observational window for study-
ing transient behavior. These efforts will refine our un-
derstanding of transient evolution, the physics of disk
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instabilities, and the role of accretion dynamics in shap-
ing the behavior of black hole binaries.

Simultaneous X-ray and UV broadband observa-
tions of bright accretion disks will shed light on the re-
processing scenarios. High resolution UV spectroscopy
in NUV, FUV bands can reveal the signatures of ac-
cretion disk-winds. Currently, UVIT onboard AstroSat
allows us to probe the signatures of accretion disk-
wind. Moreover, a large area (~ 1m?) UV-spectrometer
will complement the wide-band polarimetry and spec-
troscopy, and thus will be highly beneficial.

A new promising field is the study of X-ray polar-
ization. Broadband X-ray polarization measurements
provide an additional dimension to our understand-
ing of black hole systems by revealing their geome-
try and physical conditions. This extra layer of anal-
ysis enables us to probe the orientation and distribution
of magnetic fields and scattering regions in these ex-
treme environments. By comparing polarization con-
tents across different energy bands it is possible to dis-
entangle the relative contributions of the accretion disk,
corona, and jet to the observed X-ray emission. India is
leading this effort with results from CZTI, and the field
will get enhanced by POLIX instrument on-board recent
launch of the Indian satellite XPoSat. However, there
is an urgent need to train young Indian astronomers in
polarization analysis and perhaps, more importantly, in
modelling the polarization signals.

6. Future Growth

Over the next couple of decades, with the growth of
the Indian economy, it is expected that our country will
have a larger scientific community and a number of
mega-science projects. In these coming two decades,
the world will witness several large-scale observational
facilities, e.g., LIGO-India Observatory, Einstein Tele-
scope (ET), Cosmic Explorer (CE), DECIGO (DE-
CIGO), Laser Interferometer Space Antenna (LISA),
and possibly a few other ground-based and satellite-
based gravitational wave detectors accompanied by nu-
merous multi-wavelength missions, e.g., Square Kilo-
metre Array (SKA), Large Synoptic Survey Telescope
(LSST)/Vera Rubin Observatory, Thirty Meter Tele-
scope (TMT), Advanced Telescope for High-ENergy
Astrophysics (ATHENA), Daksha, etc., which will be
transformative for the astronomical science. India also
has significant involvement in several of these future
observational facilities. It is rather natural that the In-
dian share of contributions in this global effort of astro-
nomical science will also grow considerably.

During these next two decades of Indian astronomy,
the community is expecting the advancement of large
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and modern astronomical facilities in different obser-
vational windows of electromagnetic and gravitational
wave spectra, high-energy neutrinos, and cosmic rays,
a truly remarkable combination of multi-messenger as-
tronomy (Afroz et all,2025). This will open up a whole
new spectrum of opportunities and scope of scientific
explorations to address several outstanding questions
related to compact objects, viz. neutron stars and black
holes. This will, in turn, make it possible to get crucial
inputs from multi-messenger astronomy to our under-
standing of several key aspects in fundamental nuclear
interactions at ultra high-density physics, the behaviour
of strong nuclear force, and various unexplored physics
of the matter under extreme conditions which have been
a subject of mostly theoretical speculations to date.

Understanding the structure and composition of
neutron stars is a multi-disciplinary effort. It requires
a joint venture by different communities including nu-
clear physics, computational fluid dynamics, multi-
messenger observational astronomers, modern data an-
alysts and statisticians. Computational physics has
started playing a crucial role in different areas of mod-
ern physical sciences in recent times, including as-
tronomy and astrophysics. With the advancement of
computational effort globally in addressing fundamen-
tal scientific problems, many of the theoretical mod-
elling and simulations which have so far been challeng-
ing, are now possible to achieve.

In parallel, there has been a strong drive in large-
scale information processing and data-science-driven
statistical inference to complement the progress in the-
oretical modelling and predictions. In the next couple
of decades, this combined effort on both theoretical and
observational fronts augmented by computational tech-
niques has a great promise to drive the next generation
of astronomy and astrophysics to a successful endeav-
our. In this context, the Indian astronomy community
should take a more inclusive approach and broaden its
reach to make connections with multi-disciplinary sci-
ences and technological advancements to fulfill its fu-
ture goal.

6.1 Key Research Problems for the Future

We can briefly summarize the state of the field and the
open directions of interest to the community below.

6.1.1 White Dwarfs

1. Magnetic field interactions, internal & external;
Effects on cosmology through Type Ia super-
novae, chemical abundances through novae

2. Common envelope and binary evolution as a pop-
ulation; Effects on binary mergers, binary frac-
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tions, and GW detections

3. Emission mechanisms of WD - companion inter-
actions

6.1.2 Neutron Stars
1. Equation of state of dense matter.

2. Emission Physics; Nulling, glitching and dy-
namic behaviour.

3. Evolutionary pathways and interconnections be-
tween families of neutron stars.

4. Binary evolution and population synthesis; Ef-
fects on LIGO detections, GAIA astrometric sig-
natures

5. Behaviour and effects of magnetic fields; on neu-
tron star mass, oblateness, ellipticity, continuous
gravitational wave signals

6.1.3 Black Holes

1. Binary evolution and population synthesis; Ef-
fects on LIGO detections, GAIA astrometric sig-
natures

2. Effects of spin and accretion processes on jets
and jet launching

3. Physical understanding of QPOs from accretion
disks

4. Radiative behaviour of accretion disks

5. Connection between the associations of different
types of QPOs with the radio jets having variable
strengths

6.2 Existing Observational Facilities

6.2.1 Upgraded GMRT and Expanded GMRT: The
potential of GMRT in domain of searching for pulsars
remained untapped for a long duration. Up-coming
surveys of pulsars with a parameter space (with high-
resolution observations, and compute-intensive data
analysis) that was not explored before, promise the
discovery of a bunch of pulsars, millisecond pulsars,
long-period pulsars, and rotating radio transients. In
addition, with the unprecedented sensitivity that will
be available with Expanded GMRT (eGMRT), all the
searches and follow-up investigations of pulsars will
take a tremendous leap.
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6.2.2 X-ray and Multi-wavelength Satellite AstroSat:
It is India’s first dedicated multi-wavelength astronom-
ical observatory, launched by PSLV on 28 September
2015. AstroSat carries five scientific payloads: UVIT,
SXT, LAXPC, CZTI and SSM, and they are capable of si-
multaneous observations from ultraviolet to Gamma X-
rays. It has completed 9 years of in-flight operations in
September 2024 as a proposal-based observatory. Cur-
rently, it has close to 1500 global users (nearly 50% of
them are Indian users) and has resulted in more than
480 articles in peer-reviewed journals, more than 1700
conference proceedings, telegrams, circulars, and other
non-refereed publications.

From stellar to extragalactic astrophysics, a large
number of scientific contributions are made. The de-
tection of FUV emission from Her X-1, cyclotron line
from few NSXBs, burst oscillations and QPOs, rang-
ing from mHz to kHz, spin-estimation of black holes,
and detailed study of type-I X-ray bursts, are few no-
table. Apart from the high volume of scientific out-
put, AstroSat reached a milestone by exceeding the ex-
pected lifetime of 5 years proposed during the concep-
tion of the mission. Despite the fact that all instruments
were built more than 15 years ago, most of them are
still performing surprisingly well: except for issues like
telemetry drops and gaps in X-centroids in CCD im-
ages, SXT and CZTI instruments, the FUV channel of
UVIT and one of the LAXPC units are performing well
and producing scientific results.

6.3 Theoretical Studies & Computational Facilities

Multiple research directions involving compact objects
need computational tools — including searches and
characterizations of gravitational waves, radio, and X-
ray pulsar signals, simulations of GRMHD, nuclear in-
teractions at different density regimes, thermonuclear
reactions in hot accretion flows and supernovae, the
evolution of compact object populations, etc. — re-
quire vast amounts of computational resources and
skills to use them. A detailed view of computational
astrophysics has recently been produced by the Indian
computational astrophysics community (Sharma er all,
2025). Here we discuss several key aspects relevant to
astrophysics with compact objects.

Indian community is actively building new software
and releasing those for the use of other researchers.
One example is ‘PINTA’, a software developed by
the Indian Pulsar Timing Array consortium to analyse
uGMRT data (Susobhanan er al., 2021)) that has been
publicly released as an observatory facilityE]. As acom-

3The downloadable link can be found from the NCRA website
(http://www.ncra.tifr.res.in/ncra/gmrt/gmrt-users/pinta)).
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munity, we need to develop large-scale distributed com-
puting facilities that are accessible across the country
and competitively allocated to researchers both in re-
search institutes and in universities. We also need more
training initiatives along the lines of hands-on comput-
ing workshops, online tutorials, and support staff to
help students, postdocs, and faculty members to effi-
ciently utilise these facilities.

Gravitational wave astronomy has started in
the past decade but is maturing with routine de-
tections of new transient events that essentially
involve compact objects — black holes and neu-
tron stars (Abbott et all, 2023a). Discovery of
these sources has paved new ways to explore sev-
eral aspects of fundamental physics (Abbott ef all,

2019; The L.IGO Scientific Collaboration et al.,
2021; |Abbott et all, 2018, [2016a) and as-
trophysics (Abbott et all, 2023b, 2016b;

Soares-Santos et al!, 2019). The LVK Collabora-
tion is also searching for signals from the continuous
gravitational wave sources, stochastic GW back-
grounds of both cosmological origin and combinations
of unresolved astrophysical sources. Most of these
searches as well as their characterizations and source
property studies require a significantly large amount
of computational resources (Brady erall, 1998
Mukherjee et al.,2023), in the form of CPU, GPU and
skilled persons with technical knowledge. Building
up national facilities for high-performance computing
(HPC) supported by essential skilled professionals will
be desirable to make this endeavor a success.

In parallel, the community needs to develop more
sophisticated numerical magneto-hydrodynamic codes
(though codes like BHAC, H-AMR, and H-AMRAD,
are available), which would require high-performance
computing facilities to be made available to the com-
munity. Some of the publicly available simulation
codes used to study accretion onto black holes, are
BHAC, Athena++, HARMPI, etc. BHAC is built
on the MPI-AMRVAC framework. It solves ideal,
GRMHD equations of motions in 3+1 dimensions, the
choice of solvers are TVDLF and HLL. By using the
Athena++ one can work in non-relativistic, special rel-
ativistic as well as GR HD and MHD scenarios. A
wider variety of solvers are provided although gener-
ally HLLC is used for HD and HLLD for MHD. How-
ever, only for fixed adiabatic index equation of state
is available. HARMPI solves GRMHD equations in
Kerr-Schild spacetime, and uses HLL and LLF solvers,
but has no static or adaptive mesh refinement. There-
fore, various codes specialize in highlighting different
aspects of flow motions around black holes. There is no
single version of code that can solve all possible prob-
lems.
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The majority of the publicly available numerical
computation tools and software contain enormously
large codebases and it is almost impossible for an in-
dependent researcher to implement newer physical pro-
cesses in the code. Furthermore, developing simulation
codes are active and evolving area of research. The
last word has not been written about the best scheme
or the best reconstruction method. As a result, newer
and more efficient codes are being developed now and
will continue in the future. At present, there is a large
community of young researchers in India, who are be-
ing trained in code development. Most of the accretion
models being tested abroad are those that regenerate the
Keplerian disc or the ADAF, or recently the MAD and
SANE configurations. Very little effort goes into the
studies of advection and accretion. By participating in
this active area of research through collaborations and
individual efforts, one can benchmark the code param-
eters to test alternative accretion models along with the
ones that are currently being tested elsewhere. Explor-
ing the option of developing newer codes with specific
routines we will get more freedom to develop and main-
tain it in a way that is better suited for the Indian com-
munity and can utilize available computational infras-
tructure, e.g., CPUs and GPUs.

In modern times, GPU-based simulations are be-
coming an increasingly popular choice due to their
computationally efficient and stable operation. For
example, if a CPU-based simulation takes 15.4 sec-
onds per time-step on 32 cores, a GPU-accelerated
simulation can potentially bring this down to a few
seconds per time-step, depending on the hardware.
The GPU requirements for a 3D GRMHD accretion
disk simulation depend heavily on the resolution, do-
main size, and complexity of the simulation. For
small-to-medium grids (e.g., 512% to 1024°), mod-
ern GPUs like the RTX 4090 or A5000/A6000 with
24-48 GB of Video Random Access Memory (VRAM)
should suffice. For larger simulations (e.g., 2048° or
more) or long-duration, high-resolution simulations,
we will need high-memory GPUs, e.g., NVIDIA A100
or H100, or possibly even multi-GPU setups to han-
dle the demanding workloads. Some advanced MHD
codes (such as PLUTO, Athena++, or RAMSES) al-
ready have GPU support built-in, utilising libraries like
CUDA (for NVIDIA GPUs) or HIP (for AMD GPUs).

A new rapidly changing aspect of computation is
advanced accelerators. Apart from graphics process-
ing units (GPUs), field programmable gate arrays (FP-
GAs), tensor processing units (TPUs), neuromorphic
computing unitd] are now being integrated into com-
puting nodes to form heterogeneous clusters. Compu-

“For example: see Intel’s neuromorphic computing


https://www.intel.com/content/www/us/en/research/neuromorphic-computing.html
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tational astrophysicists, in collaboration with comput-
ing centres such as CDAC may invest time and effort
into understanding the applications of these technolo-
gies and how they can boost simulation and computa-
tional astrophysics codes.

6.4 Community Development

The bedrock of any research community is its students
and young researchers. Thus, it is imperative that we
attract and train young minds. While compact objects
(especially pulsars and black holes) are extremely well-
popularized in popular media, most students are not ex-
posed to real research in these areas and are not trained
in the tools and techniques required for it.

We consider the following points for strengthening
and accelerating sustained community development:

1. Curricula and shared tutorials/online courses
for introducing undergraduate students to re-
search: The Indian astronomy community asso-
ciated with different aspects of compact object
science can develop shared and maintained tu-
torials that undergraduate or early graduate stu-
dents can undertake independently to learn the
skills required for different research projects. For
some of these curricula, we propose to bring in
expertise from and collaborate with other com-
munities such as nuclear, condensed matter, sta-
tistical physics, etc., on the theoretical front.

On the observational side, specialised training for
radio, X-ray and gravitational wave astronomical
observations will be necessary. Specifically, in
the era of Indian effort in the SKA project, some
key steps have been taken. An online repository
for SKA users curated by the engineering team
and science working group members is planned
to benefit increasing exposure related to SKA and
SKA-related compact object science among stu-
dents (Ramanujam et al.,[2024). Similarly, in the
context of GW observations, [UCAA, along with
other institutions such as IIT Bombay and ICTS,
hosts in-person study hubs following the Gravi-
tational Wave Open Data workshop (GWODW)
of the LIGO-Virgo-KAGRA (LVK) collabora-
tion every year. The workshop and study hubs
tackle topics such as access to LVK public data,
introduction to gravitational wave (GW) detec-
tors and their data, techniques for GW data anal-
ysis, and interpretation of compact binary merger
signals.

2. Annual astronomy schools spanning 3-4 weeks
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to a couple of months: The Radio Astron-
omy Winter School (RAWS), held annually in
winter and spanning two weeks, is organised
jointly by IUCAA’s Astronomy Centre for Ed-
ucators (ACE) and NCRA for faculty and stu-
dents of colleges and universities. The partici-
pants get introduced to radio astronomy through
a series of lectures, demonstrations, and hands-
on experiments. In the past, several ASTROSAT
workshops on pulsar and black hole astrophysics,
along with X-ray timing and spectroscopy, were
conducted by TIFR, BARC, and IUCAA. Visit-
ing Student Program (VSP) of Indian Academy
of Science (ASI) also supports several students
for projects in Astronomy and Astrophysics in
appropriate departments/institutions, and RRI
also has several student projects. The primary
aim of this workshop series was to familiarize
M.Sc. and Ph.D. students, post-doctoral fellows,
and other interested astronomers in India with
the ASTROSAT mission’s objectives and capabil-
ities and to expand the astrophysical community
which can carry out scientific research using AS-
TROSAT.

. Instrumentation & experimental methods: A

suitable group of students can be trained with the
instrumental and experimental perspectives, for
example, (a) they may start with instrumentation
projects like working with telescopes and cam-
eras, working with detectors and relevant elec-
tronics, understanding detector background, and
ways to reduce them, (b) they can be trained for
time series analysis with already available data in
the archive from fast detectors around the world.
Also, new techniques are needed to be developed
to improve data and result qualities. In close as-
sociation to this, different data challenge events
can be planned for building up relevant exper-
tise, especially keeping in mind the prospects
with SKA, LIGO-India and other relevant obser-
vational facilities with significant involvement by
the community.

. Theory-observation-instrumentation work-

shops & meetings: There is an urgent need for
more detailed interactions between theorists,
observers, and instrumentation groups so that
the gap between theory and observables can be
bridged and future missions can be designed for
the greatest impact. Recently, some effort has
been initiated to foster an Indian community
centered around multi-messenger astronomy
to provide a platform for cross-disciplinary
interactions and activities (see |Afroz et all,
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2025).

5. Provide a flexible funding mechanism for
short-term research students: Undergraduate
students from science and engineering back-
grounds, who intend to pursue either a university-
credited project at M.Sc./post-M.Sc. internships,
or at an equivalent level may be encouraged to
take up short-term research projects at a suitable
research lab/institute. This should be in addition
to the existing regular summer student fellow-
ships and other programs, and with the financial
support to cover their essential needs. The VSP
by ASI is an endeavour in this direction which
could plausibly be scaled up to support larger
members across the country.

6. Citizen science projects & competitive events:
The LIGO-Virgo-KAGRA (LVK) network pro-
vides many opportunities for science enthusiasts
to take part in research in gravitational wave sci-
ence through its diverse Citizen Science projects
such as Gravity Spy, Black Hole Hunter, Black
Hole Master, Black Hole Pong, and Pocket Black
Hole. Similar tools can be developed (similar
to citizen science projects) in other areas of as-
tronomy so that school or college communities
can use them easily and participate in activities
relevant to research. For example, designing
prototypes of real research problems (from the-
ory/data/instrumental area) that can be used to
identify possible paths by organising competitive
events. The Astronomers in Residence program
is an initiative by the ASI’s Public Outreach and
Education Committee which aims at these activ-
ities in a small-scale.

7. Synergies with other working groups: Com-
pact objects are central to transient astronomy re-
lated to multi-wavelength electromagnetic chan-
nels, gravitational waves, and neutrino observa-
tions. Naturally, there are synergies with sev-
eral other areas of astronomy including EM tran-
sients (Bhalerao et all,12024), GW transients and
testing theories of gravity (Ajith et al.,2024), su-
permassive BHs, etc. Many of these areas are
covered by different working groups of the As-
tronomical Society of India (ASI).

8. Connections outside of astrophysics: Con-
nections outside of astrophysics: The goal is
to connect laboratory experiments (nuclear, hy-
pernuclear, heavy-ion collisions, etc.) to as-
trophysics through consistent models of neu-
tron stars and imposing constraints using multi-
messenger (multi-wavelength electromagnetic,
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gravitational wave) observational data. Collab-
oration with other academic communities (e.g.,
high-energy physics, condensed matter physics,
etc., as mentioned above) has the potential to
bring new ideas and methods into the field.
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