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From Brown Dwarfs to Black Holes

Gravity may be the weakest of the 
universe’s four fundamental forces, but 
it is nonetheless critical in shaping the 
landscape of the universe. In patches 
of space where the densities of gas, 
dust and other interstellar material 
become high enough, the force will 
inevitably pull it all together to form 
larger structures. The physical theories 
surrounding these processes may 
have been around since they were 
first described by Newton, but much 
remains to be discovered about the 
diverse array of bodies they can form. 

This is where Dr Shantanu Basu at the 
University of Western Ontario comes 
in. ‘My overall research program 
is to understand the assembly of 
gravitationally-bound objects in 
the universe, whether they are stars 
that form in the present-day or early 
universe, planets or brown dwarfs 

that form in circumstellar disks, or 
supermassive black holes that form 
through direct collapse in the early 
universe,’ he explains. 

Due to the sheer complexity of these 
scenarios, traditional calculations 
alone are not enough to explore them 
in detail. Instead, Dr Basu combines 
them with the capabilities of the latest 
simulation techniques. ‘Through the 
use of large computer simulations, or 
analytic insight where possible, our 
group has discovered many features 
of the assembly of these objects,’ he 
continues. With these techniques, Dr 
Basu and his colleagues have drawn 
new insights into the formation of 
structures including ordinary stars, 
bodies too small to become stars, and 
the very heaviest black holes in the 
universe. 

EXPLORING THE 
FORMATION OF 
GRAVITATIONALLY  
BOUND OBJECTS  
ACROSS THE UNIVERSE

From brown dwarfs to supermassive black holes, many of the 
strangest objects known to astronomers are formed as material 
collapses in on itself under its own gravity. Through a combination 
of physical theories and the latest computer simulations,  
Dr Shantanu Basu at the University of Western Ontario in Canada 
is offering intriguing new insights into how these structures 
originate. His theories could help astronomers to understand 
the very earliest stages of bodies ranging from those too small to 
become stars, to the vast, all-devouring heavyweights that reside 
in the centres of galaxies. 
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3D view of outflowing gas (green and 
yellow surfaces) and magnetic field 

lines (red lines) in the vicinity of a newly 
formed protostar. CREDIT: Masahiro 

Machida, Shantanu Basu.
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A Star is Born

Having observed them in meticulous 
detail for many centuries, astronomers 
are now able to predict the life cycles 
of many types of star – from red dwarfs 
to blue supergiants – with high degrees 
of certainty. However, the very earliest 
stages of star formation still remain 
shrouded in mystery. The most widely 
accepted theories predict that the 
process occurs as interstellar material 
collapses, forming structures called 
‘protostars’, which are too small and 
well hidden to observe directly. 

Building on these theories, astronomers 
including Dr Basu use simulations to 
study how small, dense lumps can 
transform into bodies hot enough 
to fuse hydrogen in their cores. As Dr 
Basu explains: ‘Stars have been found 
to form through a highly episodic 
mass assembly process, during which 
a protostar can for a time brighten 
dramatically.’ He concludes that this 
process is strongly influenced by 
doughnut-shaped clouds of material 
surrounding new protostars. 

Furthermore, Dr Basu proposes 
that some of the material in these 
‘circumstellar’ disks will go on to 
influence planet formation, while some 
of it may escape the system entirely. 
‘We have found that circumstellar disks 
can form protostellar or protoplanetary 
embryos that then migrate through the 
disk and can either fall into the central 
protostar, be ejected to form free-
floating bodies, or carve out a gap in the 
disk and settle into a stable orbit,’ he 
continues. 

In his research, Dr Basu explores 
these behaviours in further detail by 
accounting for the magnetic behaviours 
of fluids that conduct electricity – as is 
the case for circumstellar disks. 

Shutting Down Braking

In our own solar system, the process 
of ‘magnetic braking’ is a well-studied 
phenomenon. It occurs as electrically 
charged material captured by the 
Sun’s magnetic field rotates at the 
same speed as the Sun. Eventually, the 
material will escape, carrying with it 
some of the Sun’s angular momentum 
– subsequently slowing down its spin. 

Dr Basu proposes that this same effect 
can be seen in the environments 
surrounding early protostars, and 
initially prevents circumstellar disks 
from forming. 

To allow disks to form, Dr Basu’s 
simulations suggest that this braking is 
shut off as the surrounding magnetic 
field dissipates. Furthermore, the loss 
in angular momentum during braking 
allows a hydrogen-burning stellar core 
to form within the disk. 

‘Large scale magnetic fields are found 
throughout the universe, and our 
work shows that their removal during 
protostar assembly allows the formation 
of circumstellar disks, while also driving 
powerful jets and outflows of material 
from these regions,’ he explains. 

In one of his latest studies, Dr Basu and 
his colleague used their simulations 
to follow the subsequent dynamics 
over the first 2,000 years after the 
formation of a protostar. They have 
now concluded that the circumstellar 
disk is never absent over this period; 
instead, it grows and its density will 
increase, and spiral arms will form due 
to gravitational instabilities. As this 
happens, the disk will transfer mass to 
the central protostar, allowing it to grow. 
In turn, some material flows out from 
the system, inducing effects including 
highly time-variable jets, cavities within 
the disk, and structures called knots and 
bow shocks. 

Forming Failed Stars

Dr Basu also proposes that this process 
could explain the origins of another 
long-standing astronomical mystery: 
brown dwarfs. Typically having masses 
between 13 and 80 times heavier than 
Jupiter in our solar system, these cold 
objects are too large to be classed as 
planets, but too small to become hot 
enough for sustained nuclear fusion 
to occur. Since their initial discovery 
in the mid-1990s, several hundred 
brown dwarfs have now been observed 
directly. Multiple previous theories 
have suggested that brown dwarfs are 
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formed as interstellar clouds collapse 
in on themselves directly, but currently, 
they disagree on the exact mechanisms 
by which this occurs.

As an alternative theory, Dr Basu and 
his colleague suggested in a 2012 study 
that brown dwarfs originate within 
circumstellar disks around protostars, 
in the very earliest stages of star 
formation. Over time, fragments of 
the disk will form large, dense clumps, 
which interact with each other through 
their mutual gravitational attraction. 
Ultimately, these dynamics will cause 
some fragments to gain speeds high 
enough to escape into interstellar space, 
where they finally collapse to form 
brown dwarfs. If this theory is correct, 
it would likely explain why many of the 
objects appear to cluster closely around 
young stars. 

Mysteriously Colossal Structures

On far larger scales, Dr Basu has also 
explored the formation of the enigmatic 
black holes found within many galactic 
centres – including that of our own Milky 
Way. Typically, black holes are known 
to form when the most massive stars 
collapse in immense explosions called 
supernovae, leaving behind remnants 
so dense that not even light can escape 

from them. In the most extreme cases, 
these remnants can be many tens of 
times heavier than our Sun. However, 
the masses of the largest black holes 
known to astronomers – dubbed 
‘supermassive’ black holes – are far 
greater, sometimes as much as a billion 
times heavier than the Sun. 

Even accounting for how black holes 
will accrete mass from their surrounding 
environments after their formation, the 
laws of physics need to be stretched to 
allow such large structures to form at 
the early times in the universe’s history 
at which they are observed. In addition, 
astronomers currently remain in the 
dark as to why quasars – supermassive 
black holes with extremely bright jets 
originating from their poles – are so 
varied in their apparent brightness. 
Clearly, an updated physical theory is 
sorely needed. 

Bypassing Stellar Remnants

In his latest research, Dr Basu and his 
student suggest that the origins of these 
mysterious structures don’t follow the 
deaths of stars, but instead lie within the 
universe’s earliest stages: less than 800 
million years after the Big Bang. During 
this period, Dr Basu’s model shows that 
there could have been a brief era in 

Gas surface density distribution. The arrow identifies a proto-brown-dwarf that is ejected
from the circumstellar disk surrounding a young protostar.  

CREDIT: Eduard Vorobyov, Shantanu Basu.

the early universe when massive black 
holes formed in a way that bypassed 
the supernova stage entirely, instead 
forming directly due to the collapse of 
vast amounts of interstellar material 
under gravity. Moreover, the number of 
these direct collapse black holes would 
have been increasing rapidly during this 
era. 

If correct, this theory could reliably 
explain some features  of quasars, as 
astronomers observe them today. 
‘Quasars are supermassive black 
holes that are swallowing prodigious 
amounts of material, and our work has 
shown that the direct collapse scenario 
can explain their observed luminosity 
distribution, and has constrained the 
rate and duration of their formation in 
the early universe,’ Dr Basu describes. 
‘Using this approach, we have also been 
able to understand the features of the 
observed quasar luminosity function.’

Dr Basu’s new theory could help 
pinpoint the time and rate at which 
quasars formed in the universe. 
If correct, this insight would have 
profound implications for our 
knowledge of the evolution of the 
universe as we know it, and could be 
applied to understanding many of its 
observed features. 

Understanding Gravitationally  
Bound Objects

As the instruments used by astronomers 
to observe the universe become 
increasingly accurate, new findings are 
continuing to surprise them, and throw 
unending curveballs towards long-
established physical theories. 

Yet in the face of these challenges, Dr 
Basu and his colleagues are pushing 
our understanding of the universe ever 
further. If their conclusions become 
widely accepted, astronomers could 
soon become far better equipped to 
explain the origins of the universe’s 
bewildering array of gravitationally 
bound objects. 
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Meet the researcher

Dr Shantanu Basu completed his PhD in Physics at the 
University of Illinois at Urbana-Champaign in 1993. He has now 
worked at Western since 1999, where he became a Professor 
in the Department of Physics and Astronomy in 2010. Dr Basu’s 
research interests include the physics of gravitationally bound 
objects: from collapsing stars and discs, to the formation of 
supermassive black holes in the early universe. He has made 
significant contributions to theories including the roles played 
by magnetic fields and angular momentum in gravitational 
collapse and star formation, as well as luminosity bursts from 
young stellar objects. Outside of his research, Dr Basu has 
demonstrated a strong involvement in international education, 
and has organised a number of diversity and equity-related 
projects in recent years. 
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