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Director’s Note

From Student to Director: Coming Home to IOP

Prof. Bedangadas Mohanty
Predoc-1997 batch e Experimental High Energy Physics

Iop holds a very special place in my life. I came here as a doctoral student
in July 1997. I initially worked in experimental condensed matter physics and,
during my time here, moved to experimental high-energy physics, a field that
has remained at the heart of my scientific journey ever since. More importantly,
it was at IOP that my interest and excitement for research were truly kindled.

Nearly three decades later, to re-enter the
same Institute as its Acting Director has
brought that journey full circle in a way I
could never have imagined as a young stu-
dent. I entered IOP with the privilege of
learning from it; today, I have the privilege
and responsibility of serving it. It is both
an honour and a deeply humbling experi-
ence to contribute, in whatever way I can,

to an institution that contributed so much
to shaping my own scientific life.

Alumni Day on 3rd September also brings back many fond memories. 1 particu-
larly remember one year when we invited the legendary cartoonist R. K. Laxman,
whose cartoons in The Times of India were familiar to generations of Indians. I
was given the responsibility of looking after him during his visit. We were mes-
merised as he drew cartoons on stage, seemingly effortlessly. At the end of his
visit, he gifted me a sketch of Ganesha. It remains one of my treasured memories
of those days and, even today, that drawing adorns a wall of my home.

Over the years, IOP alumni have spread far and wide, taking up faculty and re-
search positions at institutions across India and abroad and contributing to sci-
ence and society in many different ways. Yet, wherever our individual journeys
have taken us, I believe we continue to carry something of IOP with us.

It is therefore particularly meaningful for me to see Alumni Day being revived
after a gap of several years. I hope it once again becomes a lasting IOP tradi-
tion, a day to return, reconnect with friends and teachers, share memories and
journeys, and strengthen the bond between the Institute and generations of its
alumni.

I warmly welcome our alumni back to IOP on 3rd September and wish everyone
a very happy and memorable Alumni Day.
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Registrar’s Note

Lt. Col. Bibekananda Pattanaik

Dear Alumni, Friends, and Well-Wishers of IOP, it gives me profound happi-
ness to greet you all on the historic occasion of our Annual Foundation Day. This
year, our celebration is extra special as we release the
inaugural edition of our Alumni E-Magazine. Since its
inception, the Institute of Physics (IOP) has grown into
a premier destination for advanced research, driven by
the passion of its faculty, students, and administrative
staff. But the true measure of our success lives in you -
our alumni - who carry the spirit of IOP into laborato-

ries, classrooms, and institutions across the world.This
e-magazine aims to bridge the distance between your

alma mater and your current journeys. It is a canvas to
share your stories, celebrate your milestones, and keep
the collaborative pulse of our scientific family beating
strong. :
As we turn this new page, I invite you to view this publication as your own.
Stay connected, share your feedback, and continue to inspire the generations of
physicists walking our corridors today.

Wishing you great success in all your endeavors.
Warm regards & best wishes.
Jai hind.



Dean’s Note

Prof. Arijit Saha

ECHO-2026

Year of joining - 2015 e Theoretical Condensed Matter Physics

Itis my distinct honor and privilege to welcome our esteemed alumni back
to the campus on the occasion of Alumni Day (3" September, 2026).

Institute of Physics (IOP), as an institution
cannot be defined by its buildings and class-
rooms only, but by the achievements of its
students, faculty members go on to lead in

the fundamental research worldwide. Each
one of you carries forward the values, cu-

riosity and commitment that form the core
of our academic philosophy and integrity.

Your achievements across diverse fields of
physics research, teaching, public service

and academia- are source of immense pride
for us and beacon of inspiration for our cur-
rent students and faculties.

Alumni Day is more than a reunion. It is a bridge between legacy and possibility.
It is an opportunity for our students to learn from your journey, for our faculty
to reconnect with their purpose, and for you to witness how your almameter

continues to evolve.

On behalf of the academic fraternity, I extend my heartfelt gratitude for your
continued engagement, mentorship and support. May this day strengthen our
bond and renew our shared commitment to the excellence, innovation and ser-

vice to the society and nation.

Welcome home.
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The Great Conjunction

ECHO-2026

A verse from the winter sky, December 21, 2020

Abhishek Hota

Predoc-2023 batch e Theoretical Condensed Matter Physics

This was written during my mas-
ter’s, back home, long before 1 had
any idea I would one day join the In-
stitute of Physics.That winter, in the
middle of the pandemic, with every-
thing else on pause, I remember step-
ping out one night and looking up to
see Jupiter and Saturn closer together
than they’d been in almost four hun-
dred years. I didn’t know then what
path I was headed towards, but watch-
ing those two old giants slowly drawing
near felt like something worth putting
into words.

Let’s fly alongside,
With light into the dark side
To connect, to create
To explore, to consolidate.

Beyond the pale yellow dot,
Far from the red orb.

I can see a never-ending darkness,
Enduring my curiosity.
And there, there,
Two giants floating in the Einstein’s layer,

One is named after a Roman God, the other a Greek God.
One has a giant red spot, the other a ring, rhythmically even and odd.
Separated by an unimaginable distance,
Both revolve around the Sun, a star which can give life a chance.

They revolve and revolve,

In a time scale where humanity involves.

We are able to observe, we are able to preserve
The knowledge, the wisdom, for the future,
After four hundred years of revolution,

Here we are, watching the great celestial conjunction.
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Beyond the Poster:

A PhD Scholar’s Singapore Odyssey

A journey to attend the international conference at NUS Singapore

Ashis Kumar Panigrahi
Predoc-2022 batch e Experimental Condensed Matter Physics

Chapter 1 : The Email That Changed Everything

Every PhD scholar remembers one
email.
Not the one reminding us of commit-
tee meetings.
Not the one asking for corrections.
But the one that quietly says,
“Congratulations! Your poster has been se-
lected.”
That single sentence transformed

months of sleepless nights into a
boarding pass to another world.

For years my life had revolved around
Raman spectra, photoluminescence
peaks, transfer curves, mobility cal-
culations, reviewers’ comments, and
endless cups of tea in the Institute of
Physics, Bhubaneswar, My laboratory
had become my second home, and my
computer screen had become my win-
dow to the microscopic universe of
two-dimensional materials.

Now, suddenly, that microscopic uni-
verse was taking me across interna-
tional borders.

I was going to Singapore.

The excitement was mixed with panic.
Passport?

Visa?

Poster tube?

Laptop?

Conference registration?

Foreign currency?

Every checklist seemed incomplete.
The real adventure began even before
reaching Singapore.

Our flights were scheduled mostly at
night.

Sleeping on airplanes looks glamorous
only in advertisements. In reality, it is
an Olympic event involving neck pain,
uncomfortable seats, crying babies,
and trying not to disturb the stranger
beside you.

By the time we reached Changi Airport,
my biological clock had officially re-
signed from its duties.

Little did I know...
...this was only the beginning.

Chapter 2 : Lost in the Future

The first impression of Singapore
wasn't its skyscrapers.
It was silence.
Everything worked.

Everything was automated.
Everything happened exactly on time.

Even the airport seemed smarter than
me.

Doors opened automatically.

Trains arrived automatically.

Ticket gates opened automatically.
Even the hotel doors seemed to judge

11
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my intelligence before allowing me in-
side.

The first challenge arrived in the form

of the MRT.
Confidently, I entered the metro like an

experienced international traveler.

Five minutes later... 1 realized I was
traveling in the wrong direction.

After politely asking a few passengers,
I finally corrected my route. That was
my first lesson:

“Technology is wonderful... until you
don’t know where you're going.”

The second lesson nearly cost me 500
Singapore dollars.
Feeling thirsty after walking endlessly,

[ was about to drink water inside the
metro.

My friends immediately stopped me.
“No! Don’t!”
Apparently eating or drinking inside

Singapore’s metro is prohibited.

At that exact moment I silently
thanked my friends for saving not only
my wallet but probably my remaining
dignity as well.

For the first two days, I had another op-
ponent.

The National University of Singapore
campus.

Calling NUS a “campus” feels unfair.
It is practically a city.

Every building looked important.
Every road looked identical.

Every turn looked familiar.

Yet somehow I always managed to
reach the wrong destination before
reaching the correct one.

Google Maps itself seemed confused.

By the second day, I had accepted that
getting lost in NUS was simply part of
the orientation program.

Meanwhile, something else surprised
me.

There were very few motorcycles.

Cars and buses dominated the roads.
Delivery riders were practically the

only people using bikes.

Traffic followed rules so perfectly that
crossing roads without waiting for sig-
nals almost felt illegal even when no
vehicles were around.

As an Indian, it felt fascinating.
Different.,

Disciplined.

Beautiful.

And slightly lonely.

People respected personal space

so much that conversations with
strangers were rare,

For someone accustomed to India’s
lively streets and spontaneous inter-

actions, the silence sometimes echoed
louder than the traffic.

Chapter 3 : The Scientist Takes the Stage

Then came the reason I had traveled
thousands of kilometers.

The conference.

Walking into the venue felt like step-
ping inside a global laboratory.
Researchers from every corner of the
world discussed atomically thin ma-
terials as casually as people discuss

cricket scores back home.
Every poster represented years of

someone’s life.
Every presentation reflected countless

failed experiments before one success-

ful result.
Then came my turn.

Standing beside my poster, I suddenly
realised something profound.

Months earlier, these figures had ex-
isted only inside my laboratory note-

12
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book.

Now scientists from different countries
were stopping, reading, asking ques-

tions, appreciating my work, challeng-
ing my interpretations, and discussing

new ideas. .
The conversations were intense.

Band structures.
Excitons.

Interlayer coupling.

Charge transport.

Graphene.

MoS,.

Device physics.

Questions arrived one after another.

So did confidence.
Every discussion improved my under-

standing of my own research.

Science, I realised, isn’t simply about
publishing papers.

It is about conversations.
The conference wasn’t merely a place

to present results.

It became a place where ideas traveled
faster than airplanes.
Ironically...

The only thing that failed to excite me

wasn’t the science.
It was the food.
The meals looked elegant.

Five-star elegant.

Unfortunately, many dishes revolved
around beef, pork, lamb, or foods un-
familiar to my taste. As an Indian who
instinctively searches for rice, roti, or
dal, I quietly surrendered.

Soon I discovered my sanctuary.

An Indian restaurant.
There, the humble combination of

cheese paratha and hot chai became
more satisfying than any gourmet in-

ternational buffet.
Nothing teaches patriotism faster than

missing Indian food abroad.

Chapter 4 : The City That Looked Like Tomorrow

Once the conference sessions ended
each day, Singapore transformed into

an open-air engineering exhibition.
Marina Bay looked unreal.

The skyline reflected perfectly on the
water, making the buildings appear
twice as magnificent.

The Merlion stood proudly, silently
watching millions of tourists attempt-
ing impossible camera angles.

Sentosa Island felt like a world built
purely for imagination.

The Jewel at Changi Airport looked less
like an airport and more like science
fiction made real. Waterfalls inside
buildings.

Gardens inside airports.

Architecture blending seamlessly with

nature.
Everywhere I looked, I saw human cre-

ativity challenging conventional engi-
neering.

As a scientist, I admired the precision.
As a traveler, I admired the beauty.

As an Indian...
...l wondered how people actually re-

membered all these metro routes.

During these explorations, I also met
Indian students studying in Singapore.
Speaking in familiar accents after days
of hearing different languages in-
stantly felt comforting.

For a brief moment, Singapore felt less
foreign.

And a little more like home.

13
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Chapter 5 : One Hour Before Disaster

Every great journey deserves a dra-
matic ending.
Mine almost missed the flight.
After days of traveling, presenting,
walking, exploring, and surviving on
interrupted sleep, exhaustion finally

defeated us.
At Changi Airport we decided to rest for

a while,
Just a short nap.

The airport was so peaceful that sleep
arrived almost instantly.

When I opened my eyes...

Panic.
Our flight was barely about an hour
away.

Suddenly the world’s most beautiful

airport transformed into a race track.
Bags.

Passport.

Laptop.

Boarding pass.

Run.

By some miracle-and perhaps a gen-
erous contribution from destiny-we
reached just in time.

The return journey gave me enough
time to reflect.

I had traveled abroad for the first time
to represent my research.

I had spoken with international scien-

tists.
Presented my work confidently.

Learned from experts.

Got lost in one of the world’s best uni-
versities.
Almost paid a 500 SGD fine without

knowing.
Survived conference food by discover-
ing cheese paratha and chai.

Admired futuristic architecture.
Made unforgettable memories.

And somehow returned home with sto-
ries more valuable than souvenirs.
When the aircraft finally landed in In-

dia, I smiled.

Singapore had amazed me.

Its discipline, infrastructure, technol-
ogy, cleanliness, and architecture were
truly extraordinary.

But stepping back onto Indian soil re-

minded me of another truth.
Home isn’t always the most perfect

place.
It is simply the place where your heart

feels understood.
Singapore showed me what humanity

14
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can build. sions, I realised that conferences are
India reminded me why I belong. never just about presenting research.

And sqmewhere between Raman spec- They are about discovering the world-
tra, airport naps, automated doors, and, sometimes, discovering yourself.
cheese parathas, and scientific discus-

The End... or perhaps just the beginning of many more scientific journeys.
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From Sundial to Satellite

The Story of How Humanity Learned to Measure Time - from Shadow Sticks to the Global
Positioning System

Aswin Kumar Burma
Predoc-2021 batch e Experimental Condensed Matter Physics

Long before the first gear turned
or the first spring coiled, a farmer in
the Nile valley planted a wooden stick
in the ground and watched its shadow
creep across the sand. That simple act
- reading the sun’s passage to divide
a day into portions - was humanity’s
first watch. Five thousand years later,
a soldier checks a wristwatch that qui-
etly listens to signals from satellites
orbiting 20,000 kilometers overhead,

satellites whose onboard clocks have
been deliberately mistuned to com-

pensate for the bending of time itself,
as predicted by Einstein. Between the

shadow stick and the satellite lies one
of the most quietly spectacular stories

in the history of science: the story of
how our species learned, with ever-
increasing audacity, to catch hold of
time.

This is not merely a story of gears
and crystals. It is a story of as-
tronomers and carpenters, of monks
who needed to pray on schedule and
sailors who needed to avoid running
their ships onto rocks, of a physicist
who quietly proved Einstein right with-
out ever setting out to, and of the im-
probable fact that the phone in your
pocket is, at this very moment, doing
relativistic physics so that your map
app knows which street you are on.
This article traces that journey - from
the ancient sundial to the modern GPS-

synchronised clock - for readers who,
like the researchers of this institute,
share a fascination with how ingenuity
accumulates, decade after decade, into
revolutions.

L. Reading the Sky: Timekeeping in the
Ancient World: The earliest timekeep-
ers did not build instruments; they
read the sky. The ancient Egyp-
tians were among the first civilisations
to divide the day into agreed, equal
parts, using shadow clocks, obelisks
and merkhets - plumb-lines used by
priest-astronomers to track the stars.
The oldest surviving sundial, a lime-
stone device unearthed in the Valley of
the Kings in 2013, dates to roughly 1500
BCE and appears to have been used
to measure the working hours of con-
struction labourers - perhaps making it
history’s first timesheet.

16
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Table 1: A Timeline at a Glance

Period Milestone

c. 3500 BCE Egyptians raise the first gnomons and obelisks; shadow-length tells the
hour.

c. 1400 BCE The klepsydra (water clock) appears in the temple of Amen-Re at Karnak,
freeing timekeeping from sunlight.

13th century CE  The verge-and-foliot escapement is invented in Europe, giving birth to the
mechanical clock.

1500-1510 Peter Henlein of Nuremberg builds spring-driven portable clocks - ances-
tors of the watch.

1656 Christiaan Huygens builds the first working pendulum clock, slashing daily
error from hours to seconds.

1761-1770 John Harrison perfects the marine chronometer (H4), solving the longitude
problem at sea.

1880-1918 The wristwatch moves from military novelty to standard-issue “trench
watch” in the First World War.

1955 Louis Essen and Jack Parry build the first practical caesium atomic clock at
NPL, UK.

1969 Seiko launches the Quartz Astron, igniting the global quartz revolution.

1978-present The GPS constellation links orbiting atomic clocks to deliver time and po-

sition worldwide.

|/
\ -
_/.\_
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Figure 1: (left) The obelisk sundial: Egypt’s earliest instrument for dividing the day by the
sun’s shadow. (right) The klepsydra, or water clock: graduated markings tracked time as water
drained at a steady rate.

~ Butthe sundial had an obvious flaw: - 1379 BCE, and a tomb inscription
it needed the sun. To tell time after credits a court official named Amen-

dusk or under cloud, the Egyptians in-
vented the klepsydra, or water clock -
a stone or pottery vessel that drained
at a steady rate through a small hole,
with marks along its inner wall denot-
ing the passing hours. The oldest sur-
viving example dates to the reign of
Pharaoh Amenhotep 111, roughly 1417

emhet with the invention. From Egypt,
the idea travelled to Babylon, Greece
and China, where by the sixth century
CE, monks were burning graduated in-

cense sticks to mark the hours in tem-
ples. The Greeks, borrowing the Baby-

lonian base-60 counting system, began
dividing hours into sixty minutes - a

17



scheme so durable that it still governs
every clock face on Earth.

DID YOU KNOW?
Herodotus credited the Babylo-
nians with inventing the sundial

around 430 BCE - but archae-
ological evidence now traces

simple shadow-clocks in Egypt
back roughly two thousand years
earlier.

II. Ticking Machines: The Birth of the
Mechanical Clock: For all their ingenuity,

sundials and water clocks were tied to
nature’s rhythms. The true break came

in thirteenth-century Europe with the
invention of the verge-and-foliot es-
capement - a mechanism of a toothed
"crown wheel" and a swinging bar that
let a weight-driven gear train advance
one notch at a time, producing the

world’s first reliable mechanical tick.
Bulky verge clocks soon crowned the

towers of European monasteries and
town halls; a documented example
built by Henri de Vick for the King of

France in 1379 struck the hours over
Paris. These clocks were wildly inac-

curate by modern standards - errors
of an hour or two a day were common
- because their rate depended on un-

predictable friction and driving force,
much like water pressure through a
leaking pipe.

The next leap made timekeeping per-

sonal. Between 1500 and 1510, the lock-
smith Peter Henlein of Nuremberg be-

gan building small spring-driven clocks
that, freed from hanging weights,

could sit on a shelf - or even be car-
ried. They ran slower as their main-

spring unwound and kept poor time,

" but they were the direct ancestors of

the portable watch, and wealthy Euro-
peans prized them as much for status
as for accuracy.

I1I. The Pendulum Revolution: Galileo
Galilei is said to have first studied the
steady rhythm of a swinging pendu-

lum in 1582, reportedly while watching
a lamp sway in Pisa Cathedral, and he
sketched a pendulum-regulated clock

late in his life - but he died before it
could be built. It fell to the Dutch
polymath Christiaan Huygens to com-

plete the idea. In 1656, Huygens built
the first working pendulum clock, and

the effect was immediate and dramatic:
daily error fell from roughly fifteen

minutes to about fifteen seconds, an
improvement of nearly sixty-fold in a
single stroke.

O
1

Figure 2: (left) The verge-and-foliot escapement: interlocking gears produced the world’s first
reliable mechanical tick. (right) Huygens’s pendulum clock (1656): a regular swing cut daily

error from minutes to seconds.

18

ECHO-2026



In one stroke, Huygens turned
the clock from an approximate
reckoner of the hour into a gen-
uine scientific instrument.

Huygens did not stop there. Recog-
nizing that wide pendulum swings in-
troduced their own errors, clockmak-
ers developed the anchor escapement
around 1670, narrowing the pendu-
lum’s arc and improving accuracy fur-
ther still. In 1675, Huygens also devised
the balance wheel and hairspring as-
sembly - a coiled spring that could reg-
ulate a small oscillating wheel instead
of a swinging pendulum. This sin-
gle invention made accurate portable
watches possible for the first time, and
variants of the balance spring survive
in mechanical watches made even to-

day.

IV. Racing the Sun: By the early eigh-
teenth century, a ship’s captain could

measure latitude with reasonable con-
fidence by observing the height of the

sun or the stars. Longitude - one’s
position east or west - was another
matter entirely, and getting it wrong
could be catastrophic. In 1707, a Royal
Navy fleet, unsure of its position in fog,
wrecked on the Scilly Isles off the En-
glish coast, killing well over a thousand
sailors. The disaster spurred Parlia-
ment to pass the Longitude Act of 1714,
offering a vast prize - up to twenty
thousand pounds, a fortune at the time
- to anyone who could devise a reliable
method of finding longitude at sea.

Figure 3: (left) A gimballed marine chronometer, kept level against a ship’s roll to hold Green-
wich time at sea. (right) The wire-lugged “trench watch” of the First World War, the direct

ancestor of the modern wristwatch.

The winning idea was elegant: if
a ship carried a clock still set to the
time at a known reference point, such
as Greenwich, its crew could compare
that clock’s time to local noon (deter-
mined by the sun) and calculate longi-
tude directly, since each hour of differ-
ence corresponds to fifteen degrees of
longitude. The challenge was building

aclock that could survive months at sea
- pitching decks, salt air, and swings in

temperature and humidity - without

losing more than a few seconds. Exist-
ing pendulum clocks were hopeless on
a rolling ship.

The task fell, almost by accident,
to a self-taught Yorkshire carpenter
named John Harrison. Over more than
four decades, Harrison built an ex-
traordinary series of marine timekeep-
ers - H1l, a seventy-five-pound ma-
chine of interlinked swinging balances
unveiled in 1735; H2 and H3, each

19
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more refined; and finally H4 of 1761,
a portable timekeeper barely larger
than a pocket watch, weighing just over
three pounds. Captain James Cook car-
ried a copy of H4, made by the watch-
maker Larcum Kendall, on his voy-
ages of Pacific exploration and praised
it as an indispensable guide. Harri-

son’s chronometer worked so well that
by 1815 more than five thousand ma-

rine chronometers were in service, and
Charles Darwin’s HMS Beagle set sail in

1831 carrying twenty-two of them.

DID YOU KNOW?

Harrison’s chronometer left
more than a solution to lon-
gitude.  The bimetallic strip

he invented to compensate
for temperature - two metals
bonded together that bend as
they expand at different rates -
still regulates thermostats and
household appliances today,
and the caged ball bearings he
pioneered are found in machines
everywhere.

V. From Pocket to Wrist: The Rise of

the Wristwatch: For most of its his-
tory, the personal watch lived in a

waistcoat pocket, attached to a chain.

Wristwatches - then called "wristlets"
- existed as early as 1810, when

the master watchmaker Abraham-
Louis Breguet built one for Caro-

line Bonaparte, Queen of Naples, but
they were regarded as feminine jew-
ellery rather than serious instruments.
The first purpose-made men’s wrist-
watch is generally credited to Girard-
Perregaux, who supplied the German
Navy with them in 1880 so that of-

ficers could check the time without
fumbling for a pocket watch mid-

manoeuvre. British soldiers on India’s
North-West Frontier adopted similar

leather "wristlets" around the same
period, and more improvised versions

appeared during the Boer War of 1899
-1902.
It was the First World War that truly

transformed the wristwatch’s fortunes.
Coordinating artillery barrages, in-

fantry advances and naval manoeu-

vres demanded that officers check
the time instantly, without digging

through a pocket under fire. Manufac-
turers such as Omega, Longines, Elgin
and Waltham mass-produced sturdy

"trench watches" with luminous ra-
dium dials, shatter-resistant crystals

and screw-down cases to withstand
mud and damp. By the time the United

States entered the war in 1917, nearly
all watch advertising had shifted from
pocket watches to wristwatches, and
returning soldiers carried the habit
home with them. The wristwatch, once
dismissed as effeminate, emerged from
the trenches as a badge of modernity -

and has remained on the human wrist
ever since.

VL. Crystal Clear: The Quartz Revo-
lution: Mechanical watches, however
finely made, remained hostage to the
imperfections of springs, gears and

friction. The next transformation
came not from a better mechanism
but from a different physical princi-

ple altogether: the piezoelectric effect,
by which a quartz crystal vibrates at
an extremely stable frequency when
an electric current is applied to it.
Engineers in Japan had already used
bulky quartz timers as backup clocks

for the marathon event at the 1964
Tokyo Olympics. Five years of minia-

turisation later, on Christmas Day 1969,

Seiko unveiled the Quartz Astron 355Q
- the world’s first quartz wristwatch.
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Figure 4: (left) A vibrating quartz crystal replaced springs and gears, giving the 1969 Seiko
Astron near-scientific accuracy. (right) The caesium atom’s unvarying oscillation now defines

the second itself.
The Astron was roughly a hun-

dred times more accurate than a fine
mechanical watch, drifting by only

about five seconds a month. Seiko’s
own advertising made a bold and, as

it turned out, entirely accurate pre-
diction: “Someday, all watches will
be made this way” Within a decade,
cheap, mass-produced quartz move-
ments had triggered what the Swiss
watch industry still calls the “quartz
crisis,” reshaping an entire global
trade. Quartz technology also achieved
something no mechanical watch ever
had: it placed near-scientific timekeep-
ing accuracy on every wrist, not merely
the wealthiest ones.

VIL. Atoms as Clocks: The Atomic Age:
Even quartz crystals drift slightly with
age and temperature. For applications
demanding true precision - astronomy,
telecommunications, and eventually
satellite navigation - scientists turned
to the atom itself. Every caesium-133
atom, when it flips between two partic-
ular energy states, absorbs or emits ra-
diation at an identical, unvarying fre-
quency: a natural pendulum, immune
to wear, temperature or the passage of
centuries.

In 1955, physicists Louis Essen and Jack
Parry built the first practical caesium
atomic clock at the National Physi-

cal Laboratory in the United Kingdom,
achieving an accuracy of about one sec-
ond in three hundred years - roughly
thirty times better than the best quartz
clocks of the day. The achievement was
so compelling that in 1967 the world’s
metrologists redefined the second it-

self: one second was fixed as the du-
ration of exactly 9,192,631,770 oscil-

lations of the radiation emitted by a
caesium-133 atom, permanently re-
placing definitions based on the Earth’s

rotation. Modern “fountain” atomic
clocks, such as the NIST-F2 in the

United States, which gently toss laser-
cooled caesium atoms upward like wa-

ter from a fountain to extend their
measurement time, are now accurate

to roughly one second in three hun-
dred million years.

N

DID YOU KNOW?

When the first GPS satellite
carrying a caesium clock was

launched in 1977, engineers
deliberately left its relativis-

tic correction switched off for
twenty days. The clock drifted

exactly as Einstein’s equations
predicted - an inadvertent, orbit-
ing confirmation of relativity.

J

VIIL. Time from Space: GPS and the
Physics of Position: The Global Posi-
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tioning System represents the ulti-
mate synthesis of this five-thousand-
year story. Each of the roughly thirty

satellites in the GPS constellation car-
ries several atomic clocks accurate to
within a few billionths of a second.
A receiver on the ground or in your

pocket calculates its position by com-
paring the arrival times of radio signals

from at least four visible satellites and
triangulating - more precisely, trilater-

ating - its location from the tiny dif-

ferences. Because radio waves travel
at the speed of light, a timing error

of just one microsecond translates to
a position error of roughly three hun-
dred meters, which is why the clocks
must be extraordinarily precise.
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Figure 5: Orbiting atomic clocks and relativis-
tic corrections let GPS satellites pinpoint a re-
ceiver on Earth.

Here the story loops back, unex-
pectedly, to Einstein. GPS satellites
orbit at about 14,000 kilometers per
hour and sit roughly 20,000 kilome-
ters above the Earth, in much weaker
gravity than we experience on the sur-
face. Special relativity predicts that a
fast-moving clock runs slow relative to
a stationary one, which alone would

make each satellite clock lose about
seven microseconds a day. General

relativity predicts the opposite effect
from weaker gravity: a clock farther
from Earth’s mass runs fast, gaining

roughly forty-five microseconds a day.
The two effects do not cancel; the net
result is that, left uncorrected, every
satellite clock would gain about thirty-
eight microseconds daily relative to
clocks on the ground.

Thirty-eight millionths of a second
sounds negligible - until multiplied by
the speed of light. Uncorrected, that
drift would introduce a positioning er-
ror that grows by roughly ten kilome-
ters every single day, rendering the
system useless within hours. Engineers
solve the problem before a satellite
ever leaves the ground: each atomic
clock is deliberately manufactured to
tick slightly slow, at 10.22999999543
megahertz instead of the standard
10.23 megahertz, so that once relativ-
ity speeds it up in orbit, it keeps per-
fect time with clocks on Earth. It is
a striking thought that every smart-
phone, car and aircraft navigation sys-
tem quietly depends on a correction
for the curvature of spacetime, calcu-

lated and built into hardware decades
in advance.

It is a striking thought that find-
ing your way home now depends
on a hundred-year-old theory of
gravity, and on a clock built to run
wrong on purpose so that it will
run right in orbit.

IX. The Unbroken Thread: Trace
the line from a shadow creeping

across Egyptian sand to a caesium

atom’s silent oscillation to a satellite’s
relativistically-corrected tick, and a

single thread runs through it all: the
refusal to accept an imprecise answer
to the question "what time is it?" Each
generation’s most accurate clock be-

came the foundation on which the next
generation built something more ex-
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act still - the sundial gave way to the
pendulum, the pendulum to the bal-
ance spring, the balance spring to the
quartz crystal, the quartz crystal to the
vibrating atom. Today, laboratories are

of genius; it accumulates, generation
upon generation, through patient ob-
servation, stubborn tinkering, and the
willingness of scientists and craftsmen
alike to ask whether something already

ECHO-2026

already testing optical atomic clocks,

accurate to within a second over the
age of the universe, and quantum sen-

sors that may one day make even GPS
look primitive.

For a research institute, the history
of the watch offers a fitting parable.
Progress rarely arrives as a single flash

thought "accurate enough" might, in
fact, be improved. The next time you
glance at your watch, phone, or GPS-
guided map, it is worth remembering
that you are holding the end point - for
now - of five thousand years of exactly
that kind of persistence.
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I ntroduction:

Imagine you are sitting at a perfectly
round table with a group of friends.
In front of everyone are two identical
glasses of water—one on the left and
one on the right. Everyone is thirsty,
but no one knows which glass to pick,
since both choices are equally good. So,
everyone waits, and the situation re-
mains perfectly symmetric. Suddenly,
one person decides to pick up the glass
on their right. Seeing this, others fol-
low, and soon everyone is reaching to
their right. Nothing about the table
or the glasses has changed, yet the
group has developed a preferred direc-
tion. This simple example captures the
essence of spontaneous symmetry break-
ing: the rules of a system may treat
several possibilities equally, while the
system itself settles into one particular
state that no longer has the same sym-
metry. In short, the laws remain sym-
metric, but the chosen state does not.

What makes spontaneous symmetry
breaking so fascinating is that it ap-
pears in places that, at first, seem to

have little to do with one another. You
will encounter it in familiar phenom-

ena such as magnetism, liquid crys-
tals, superconductivity, and superflu-
idity. And the story does not end
there—spontaneous symmetry break-
ing also plays a fundamental role in
particle physics, for example, in the
Higgs mechanism and chiral symmetry
breaking.

At first, these phenomena may seem
completely unrelated. But once you
understand the basic idea, you begin
to notice the same story appearing
again and again: the laws of physics
treat several possibilities equally, yet
the system settles into one particu-
lar state. So, what does this mean
mathematically? Spontaneous sym-
metry breaking occurs when the un-
derlying laws of motion, described by
a Lagrangian or Hamiltonian, possess
a symmetry, while the lowest-energy
state—the ground state or, in field the-
ory, the vacuum state—does not. As a
system parameter is varied, its poten-
tial may develop multiple equivalent
stable states, and the system can settle
into one of them.

In the following sections, we will ex-
plore spontaneous symmetry breaking
from three different perspectives. We
first consider a classical example of a
bead on a ring rotating about the z-
axis. We then turn to a quantum me-
chanical example, and finally exam-
ine how spontaneous symmetry break-
ing emerges in statistical mechanics
through the Ising model.

A few basics:

Before jumping into our examples, let
us briefly introduce a few ideas that
will be useful throughout the article.
In physics, a symmetry means that the
description of a system remains un-
changed under a particular transfor-
mation. For example, if rotating a
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system does not change its physical
description, the system has rotational
symmetry. To describe the dynamics of
a classical system, we often use the La-
grangian,

L=T-Y, (1)

where T and V' are the kinetic and po-
tential energies. The action is defined

as
ty
5= / Lt
t.

(2

(2)

The equations of motion follow from
the principle of stationary action. This
also gives us a convenient way to de-
scribe symmetry: if a transformation
leaves the action unchanged, the sys-
tem is said to possess that symmetry.
We will also encounter the Hamiltonian,
which, for a non-relativistic system,
represents the total energy,

H=T+V. (3)

With these ideas in place, let us
turn to our first example: a bead con-
strained to move on a ring rotating
about the z-axis.

The classical example: a bead on a verti-
cally rotating hoop:

Let us begin with a simple mechani-
cal system: a small bead constrained
to move along a circular hoop of radius
R. The hoop is held vertically and ro-

tates about its vertical diameter with
constant angular speed w. The bead’s

kinetic energy comes from its motion
along the hoop and the rotation of the
hoop. Taking the gravitational poten-
tial energy to be zero at the bottom, the
Lagrangian is

1 :
L= §mR292 — mgR(1 — cos0)
1
+§mw2R2 sin?6. (4)

We can write the Lagrangian in the
usual form as

1 .
LZEmR%Q—VwL (5)
where, the effective potential is
V(0) = mgR(1 — cos0)
1
—§mw2R2 sin? 6. (6)

(a) &3 (b) Ny
A
N
R
9
Ny
AN
y "
mg mg

Figure 6: A small bead of mass m constrained
to move along a circular hoop of radius R, ro-
tating about its vertical diameter with angu-
lar speed w. (a) The bead is acted upon by
gravity and the normal force N exerted by
the hoop. (b) Resolution of the normal force
into its horizontal and vertical components,
N, and N,

Our goal is to find the equilibrium
positions of the bead and determine
their stability. Equilibrium positions

are obtained by setting
av
— = 0. 7
25 =0 (7)

For the effective potential above, this
gives

sin 0 (g — w?R cos 9) =0. (8)
The first set of solutions is
0=0, 0=, 9)
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corresponding to the bottom and top of
the hoop, respectively. There is also an-
other possibility,

9
W2R’

This solution exists only when

cos by = (10)

g
= (11)

W > We, We =

To see which of these equilibrium
positions are stable, we examine the
curvature of the effective potential.
For w < w,, the bottom of the hoop,
6 = 0, is the only stable equilibrium.
At the critical angular velocity w
we, this minimum becomes marginal.
When the hoop rotates faster than w,,

the bottom becomes unstable and two
new stable equilibrium positions ap-

pear symmetrically on either side of
the vertical axis:

0 = +6,,

(12)

where
costy =

=R (13)

Something interesting has hap-
pened. The two new positions are
equally favorable: the bead can set-

tle on either side of the vertical axis.
This is not because the equations have

changed their preference. In fact, the
effective potential satisfies

V(0) =V(=0),

(14)

so the system remains symmetric un-
der the transformation

0 — —40.

(15)

Yet, once the bead settles into one
of the two stable positions, say +6y,
the symmetry is no longer apparent in
the state of the bead. It could equally
well have settled at —6y. In an ideal

symmetric system, neither side is pre-
ferred; in practice, an arbitrarily small
perturbation can determine which of
the two positions is selected.

This is the basic idea behind spon-
taneous symmetry breaking: the un-
derlying equations remain symmetric,
while the state chosen by the system
does not. The rotating hoop there-
fore provides a simple classical picture
of how a single symmetric equilibrium
can become unstable and give rise to
two equivalent, symmetry-related sta-
ble states beyond a critical value of a
control parameter. In the next sec-
tions, we will see that remarkably simi-
lar ideas appear in quantum mechanics
and statistical mechanics.

A quantum mechanical example:

We have seen how a classical sys-
tem can develop two equivalent sta-
ble states when a control parameter

crosses a critical value. Let usnow ask a
natural question: does a similar idea ap-

pear in quantum mechanics?

To explore this, consider a simple
system described by a single degree of
freedom ¢ with the Lagrangian [4].

_1'2_1 22_&4
£_2¢ 2m¢ 4¢, > 0.
(16)

The corresponding potential is

V(o) = s+ 0ot ()
2 4

Notice that the potential is un-
changed under ¢ — —¢. Thus, the
system has a Z, symmetry. The shape
of the potential depends on the sign
of m?. When m? > 0, the poten-
tial has a single minimum at ¢ = 0,
which respects the Zs symmetry. You
can notice things become more inter-
esting when m? < 0. In this case, the
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minimum at the origin becomes unsta-
ble, and two new minima appear at

—m2

A

We have therefore obtained two
equally stable states. The potential still

satisfies

QS = Zi:QS(), (18)

$o =

V(p)=V(-9), (19)

but choosing either ¢ = +¢g or ¢ =
— ¢y selects one of the two symmetry-
related states.

(a) m? >0

() m? <0

Figure 7: (a) Potential with a single minimum
at the origin, corresponding to the symmet-
ric phase (m? > 0). (b) Double-well po-
tential with two equivalent minima at ¢ =
+¢y, corresponding to the symmetry-broken
phase (m? < 0).

This is the familiar double-well pic-
ture of symmetry breaking. The two
minima are completely equivalent: the
equations do not prefer one over the
other. Once the system is placed in

one of the minima, however, the cho-
sen state no longer possesses the origi-

nal Z; symmetry. It is useful to look at b

the potential more closely. Let us ex-
pand around one of the minima, say

¢ = ¢o+o0, (20)

where o describes a small fluctuation
about the chosen minimum. Substitut-
ing this into the potential gives

Vi(¢) =V(go) +
A (gb%JQ + poo® + ) . (21)

The important point is not the detailed
form of this expansion, but the idea be-

hind it. Once we choose one of the
two minima, we describe the system

in terms of fluctuations o around that
particular state. The symmetry be-

tween the two minima is no longer
manifest in the chosen state.

14
ZO-

The connection with the classical example:

At this point, the double-well poten-
tial may look like a new construction.
But we have already seen the same

structure in our classical bead-on-a-
rotating-hoop example. For the bead,

the effective potential can be written in
dimensionless form as

U(f) = (1 —cosb) — gsin2 0,
B w*R

B (22)

For § < 1, there is a single stable min-
imum at # = 0. When 5 > (. = 1,
this minimum becomes unstable and
two equivalent minima appear at § =

+0,. This is the same basic double-well

structure that we encountered above
for the potential V' (¢).

In both cases, the potential is sym-
metric under an inversion,

0 — —0 O — —0,

while the two stable states are related
y this symmetry. The rotating hoop

therefore gives us a simple classical
picture of the double-well structure.

or (23)

A subtle quantum twist:
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So far, we have discussed the double-
well potential from a classical point of
view. What changes when we treat
the same system quantum mechani-
cally? Classically, a particle placed in

one of the two minima can remain
there. Quantum mechanically, how-

ever, the particle can tunnel through
the finite barrier separating the two

wells. The two wells are therefore not
completely independent.

2.00
1.0
1.75
0.8]
1.50
0.61 1.25
S 04 1.00
)
0.2] 0.75
0.0 0.50
0.25
-0.2]
0.00

—n/2 —m/3—n/6 O x/6 /3 w2

Figure 8: Effective potential U(#) as a func-
tion of 6 for different values of 8 = wW?R/q.
The potential is symmetric under 6 — —6.
For 5 < 1, it has a single stable minimum at
0 = 0. At 8. = 1, this minimum becomes
marginal. For 5 > 1, it becomes unstable
and two equivalent stable minima appear at
0 = +6,.

The quantum Hamiltonian is invari-
ant under the parity transformation
(p = —9¢)as V(¢) = V(—¢). There-
fore, the energy eigenstates can be cho-
sen to have definite parity. For a suf-
ficiently deep double well, the low-
est two energy eigenstates are approx-
imately the symmetric and antisym-

metric combinations of states localized
in the two wells:

[+) ~ L) + |R), [=) ~ |L) — |R).

(24)
The symmetric state is the ground
state, while the antisymmetric state

lies slightly higher in energy. The small
energy splitting between them is a con-
sequence of quantum tunnelling.

This leads to an important differ-
ence from the classical picture. A state
localized entirely in the left or right
well is not, in general, an exact energy
eigenstate. Quantum mechanics there-
fore does not allow a finite one-particle
system to simply remain forever in one
well as a stationary state. Thus, al-
though the double-well potential has
two symmetry-related minima, a finite
quantum system does not by itself ex-
hibit spontaneous symmetry breaking.
Genuine quantum spontaneous sym-
metry breaking requires many degrees
of freedom and an appropriate infinite-
system limit, in which the symmetry-

related states can become distinct and
tunnelling between them can effec-

tively vanish.

The lesson is subtle but important:
the symmetric double-well potential does
not by itself determine whether symmetry
is spontaneously broken. We must also con-
sider the quantum states of the system and,
for genuine symmetry breaking, the appro-
priate infinite-system limit.

Spontaneous symmetry breaking in statis-
tical mechanics:

We have seen how symmetry break-
ing can appear in a simple classical
system, and how quantum mechanics
makes the picture more subtle. In sta-
tistical mechanics, the idea becomes a
truly collective phenomenon. One of
the simplest models that captures this
behavior is the Ising model, which pro-
vides a useful picture of magnetism and
phase transitions.

The Ising model:

Imagine a lattice with a large number
of sites. At each site, an Ising spin can
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take one of two values,
S; = £1.

For a ferromagnetic interaction, neigh-
boring spins prefer to align. The Ising
Hamiltonian is

H=-J) S8 —h>_ 5
(i.4) i

J >0,

where J measures the interaction
strength and & is an external magnetic

field.
When h = 0, flipping every spin,

SZ' — —SZ‘,

(25)

(26)

(27)

leaves the Hamiltonian unchanged.
The model therefore has a Z; symme-
try:

H[S;] = H[-S;]. (28)

The question is then familiar: if the

Hamiltonian treats the two orientations
equally, can the system nevertheless de-

velop a preferred one?

Temperature and collective behav-
ior: At high temperature, thermal fluc-
tuations tend to disorder the spins, so
there is no preferred overall orienta-
tion. At sufficiently low temperature,
the interaction between neighboring
spins can overcome these fluctuations
and produce collective magnetic order.
The two possible ordered states, with
positive or negative magnetization, are
equivalent when h = 0.

To describe this behavior, we introduce
the magnetization,

(29)

It acts as an order parameter. Under the
Zs transformation,

S; — =5, M — —M. (30)

Thus, the two ordered states M =
+My and M = —M, are related by
the symmetry of the Hamiltonian. The
Hamiltonian treats them equally, but
the system can select one of them in
the thermodynamic limit. This is spon-
taneous symmetry breaking.

Importance of the thermodynamic
limit:

For a finite system at h = 0, the
equilibrium distribution respects the
Z> symmetry, and consequently

(M) = 0. (31)

Thermal fluctuations can also take the
system from one magnetized state to

another. The situation changes in the
thermodynamic limit,

N — oo, (32)
In an ordered phase, the two
symmetry-related states become sep-
arated by a macroscopic free-energy
barrier, making transitions between
them increasingly difficult. This allows
the system to remain in one of the two
symmetry-related states.

A useful way to select one of these
states is to apply a small positive mag-
netic field and remove it only after tak-
ing the thermodynamic limit:

M; = lim lim M(N,h).

h—0t N—oo

(33)

Here M is the spontaneous magneti-
zation. The order of the limits matters:

lim lim M(N,h)

h—0+ N—o0

# lim lim M (N, h).

N—o00 h—0

(34)

This non-commutativity is one of
the essential features of spontaneous
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symmetry breaking in statistical me-
chanics. You could think, why does
temperature matter? At low temper-
atures, the interaction energy favors
the alignment of neighboring spins. At
high temperatures, entropy favors dis-
order because there are vastly more
disordered configurations than per-
fectly ordered ones.

The competition is summarized by the
Helmholtz free energy, ' = FE —
TS. At low temperatures, the ener-
getic advantage of ordering can dom-
inate, while at high temperatures, the
entropic advantage of disorder wins.
This competition underlies the transi-

tion between ordered and disordered
phases.

For the short-range Ising model, the
details depend on dimensionality. In
one dimension, thermal fluctuations
destroy long-range magnetic order at
any finite temperature. In two di-
mensions, however, the Ising model
has a finite-temperature phase tran-
sition: below 7, it has an ordered
phase with spontaneous magnetiza-
tion, while above 7, the magnetization
vanishes in the thermodynamic limit.

The statistical-mechanical picture:

The Ising model gives us a many-body
version of the idea from our opening
analogy. Just as the people around the

table could collectively settle on one
direction even though the two choices
were equivalent, interacting spins can
collectively develop a preferred orien-
tation even though the Hamiltonian
treats both directions equally. The key
difference is that a single object does
not make the choice. It emerges from
the collective behavior of a very large
number of interacting degrees of free-
dom. This is what makes spontaneous
symmetry breaking in statistical me-

chanics so remarkable. We can there-
fore summarize the three perspectives

discussed in this article as follows:

In the classical mechanics example,
symmetry breaking appeared through
the structure of the effective potential.
In the quantum example, tunnelling
showed us why a finite quantum sys-
tem does not simply remain in one of
the symmetry-related wells. In sta-
tistical mechanics, many interacting
degrees of freedom, thermal fluctua-
tions, and the thermodynamic limit al-
low a macroscopic system to develop a
genuine symmetry-broken phase. The
same basic idea has therefore appeared
in three very different languages of
physics:

The laws remain symmetric,
but the state chosen by the sys-
tem does not.
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The Night

Digbijaya Palai

Predoc-2019 batch e Experimental Condensed Matter Physics
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The quote “What can be explained is not po-
etry” is attributed to John Butler Yeats, the Irish
artist. But here, the poet is neitherJ. B. Yeats nor
the artist, so perhaps, ironically, a little explana-
tion may be warranted. In this evocative piece,
Night transcends its temporal boundaries to be-
come an existential canvas where human desire,
artistic creation, and historical consciousness
collide. The poem weaves a triadic evolution of
the soul’s nocturnal journey, moving from the
raw immediacy of the flesh to the contemplative
depths of memory and heritage.

The sensory awakening:

Initially, night manifests as a realm of primal
immersion. It is not merely a backdrop for
darkness, but a tactile experience where bound-
aries seem to dissolve. Through the metaphors
of warm river currents, whirlpools of affection,
and the visceral scent of sweat, the poem frames
human intimacy as a force of nature. Nonethe-
less, this passion is not static; under the quiet
scrutiny of the full moon, wild desire mellows
into memory. The abiding anticipation of re-
union feels as inevitable as monsoon rain, cap-
turing the duality of passion: its capacity to con-
sume and its power to soothe.

The aesthetic impulse:

As the narrative unfolds, night transforms into a
muse personified as a figure whose hidden grace
is laid bare by a sudden, cool breeze. In this
quiet solitude, the poet finds a sanctuary for
creation. Guided by Aadi Rasa (the fundamen-
tal aesthetic), the act of writing becomes an act
of uninhibited liberation. On blank pages, the
conventional divide between the sanctified and
the profane, the modest (%1%') and the obscene
(2419 ), vanishes. The creation is presented as

a natural impulse, where raw passion is refined
into expression.
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The philosophical reckoning: In its final
movement, the tone turns inward, ele-
vating the night to a discerning reader
who sifts through the fragmented lay-
ers of conscience. Here, the personal
longing intersects with collective cul-
tural memory. By invoking the tragic

imagery of Kalapahada and the fallen
grandeur of Konark, the poet confronts

themes of destruction, loss, and a with-
ered history (es@eSaq), Darkness be-

comes both a sanctuary for forbidden
guilt (%8=es98) and a space for quiet
atonement.

Ultimately, the poem offers a profound philosophical reflection: night is the
mirror of the human condition. It leads us through the heat of desire, into the
freedom of creative expression, and finally to a quiet reckoning with history and
identity, where the restless heart continuously searches for personality.
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Bacteria: A Microscopic World of Sensing,

Motion, and Survival

Manish Patel
Predoc-2021 batch e Theoretical Soft Matter Physics

Introduction: Life has many mysterious
ways of working. Some of the most
remarkable examples are hidden at a
scale far too small for our eyes to see.

Imagine yourself in the early 1600s.
You watch food spoil over time, but
you have no idea why. You may notice
changes in its colour, smell, or texture,
yet the cause remains invisible. At that
time, it was difficult even to imagine
that living organisms could exist be-
yond the limits of human vision.

Over the following centuries, advances
in microscopy gradually opened this

hidden world. In 1676, Antoni van
Leeuwenhoek observed tiny living or-

ganisms using microscopes that he
constructed himself. While studying
samples of water, he saw numerous
microscopic organisms moving around
and referred to them as “animalcules”,
meaning little animals. Today, we
know that many of the organisms he
observed belonged to the microbial
world, including bacteria.’

Bacteria are single-celled organisms
(see Fig. 9 for an electron micrograph
of E. coli). Most bacteria are prokaryotic
cells, meaning that their genetic mate-

rial is not enclosed within a membrane-
bound nucleus. Bacterial cells are typ-

ically a few micrometres in size, al-
though their dimensions vary consid-
erably between species. They are re-
markably diverse and occupy almost
every environment on Earth. Some

are beneficial, some are harmless, and

others can cause disease. For ex-
ample, species of Lactobacillus are im-

portant in food fermentation and can
contribute to the human microbiome,
while pathogenic bacteria such as some
strains of Escherichia coli and Salmonella
can cause foodborne illness.
Compared with complex multicellular
organisms such as humans and an-
imals, bacteria have relatively sim-
ple cellular architectures. They lack
membrane-bound organelles such as a
nucleus and mitochondria, and they
do not require the elaborate intracel-
lular infrastructure found in larger eu-
karyotic cells. Yet this apparent sim-
plicity is deceptive. A single bacte-
rial cell contains a remarkably sophisti-
cated molecular machinery that allows
it to sense its surroundings, acquire nu-
trients, move, reproduce, and adapt to
changing conditions.

For a long time, our understanding of
these microscopic processes was lim-
ited by the capabilities of microscopy.
The development of modern fluores-
cence microscopy, together with ge-
netically encoded fluorescent proteins
and other molecular labelling tech-
niques, has made it possible to observe
bacterial structures and processes with
unprecedented detail. These advances
have opened a window into the dy-
namic processes occurring inside liv-
ing bacterial cells.

1A single bacterial cell is called a bacterium; bacteria is the plural.
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Figure 9: Electron micrograph of E. coli. The cell body is only a few micrometres in size, while
the flagella are much thinner. The picture is adapted from Ref. [2].

With the development of new exper-
imental technologies, scientists began
to ask fundamental questions: How

does_a bacterium sense its surround-
ings? How does it move? How does it

find nutrients? How does it reproduce?
How does it adapt and evolve? And
what happens when millions of these
tiny organisms interact with one an-
other?

These questions bring together biol-
ogy, chemistry, ecology, evolution, and
physics. In this article, we will look at
bacteria from several of these comple-
mentary perspectives.

A Bacterium: A Complete
World in One Cell

Before thinking about a collection of
bacteria, it is useful to first look at a sin-
gle cell. Although a bacterium is only
a few micrometres across, it contains
a sophisticated molecular machinery
capable of carrying out the processes
needed for life.

Sensing the Environment

A bacterium is not simply a passive ob-
ject drifting through its surroundings.
It can detect changes in its environ-
ment and respond to them.

The signals it encounters can be physi-
cal, such as changes in temperature or
mechanical conditions; chemical, such
as nutrients or toxic substances; or bi-
ological, such as signals produced by
other cells. The general logic of cellu-
lar signalling can be thought of as a se-
quence of reception, transduction, and
response.

In reception, a signal is detected by a
receptor. During transduction, this in-

formation is converted into a molecu-
lar signal and passed through a chain of

biochemical interactions. Finally, the
cell produces a response, for example
by changing the expression of particu-
lar genes.

One example is the response of E. coli to
low phosphate concentrations through
the PhoR/PhoB regulatory system.
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When phosphate becomes scarce, the

membrane-associated sensor PhoR be-
comes activated and phosphorylates

PhoB. Activated PhoB then regulates
the expression of genes involved in
phosphate acquisition, helping the
bacterium survive under phosphate-
limited conditions.

The Swimmer

Sensing the environment is useful only
if the bacterium can respond. One im-
portant response is movement.

Many bacteria swim using structures
called flagella. A bacterial flagellum
is a long filament made primarily of
the protein flagellin and is driven by
a rotary molecular motor embedded
in the cell envelope. The motor can
rotate at hundreds of revolutions per
second, turning the flagellum into a
microscopic propeller.

In E. coli, several flagella can work to-
gether. When the motors rotate in one
direction, the filaments form a bundle
and propel the cell forward. A change

in motor rotation can cause the bun-
dle to break apart, allowing the cell

to reorient. Repeated cycles of swim-
ming and reorientation allow the bac-
terium to explore its environment and,
through biased changes in its motion,
move preferentially toward favourable

conditions. The motion of a bacterium
can also be described using a simple

mathematical model known as a run-
and-tumble particle (RTP). In two dimen-

sions, the position of the bacterium can
be written as

I(t) = vou(t) + n(t), (35)
where v is the swimming speed and
u(t) = (cosO(t),sinH(t)) (36)

denotes the instantaneous direction of
motion. During a run, the bacterium

moves approximately in a straight line
with speed vy. After a random time,
it undergoes a tumble, during which its
direction changes. The sequence of
runs and tumbles therefore produces a
persistent but random trajectory.

Mathematically, tumbles can be repre-
sented as a Poisson process with rate
a. Atatumble, the orientation changes
according to

O(t7) = 0(t7) + A0, (37)
where Af is a randomly chosen change

in orientation. Thus, the bacterium re-
tains its direction for a typical run time

S (38)
(0%

Trun =

before reorienting and beginning a
new run.

A typical two-dimensional run-and-
tumble trajectory therefore consists of
approximately straight segments con-
nected by sudden changes in direction.
Despite the simplicity of this descrip-
tion, it captures an important feature
of bacterial swimming: persistent mo-
tion interrupted by random reorienta-
tion.

A trajectory generated from this model
is shown schematically in Fig. 11, to-
gether with an experimental trajectory
of E. coli.

Evolution: Surviving a Chang-
ing World

The environment is rarely constant.
Temperature changes, nutrients be-

come scarce, toxins appear, and preda-
tors or viruses may arrive. To survive,

bacteria must be able to adapt over
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Figure 10: (a) Transmission electron microscopy image showing a cluster of flagella used by
Pseudomonas fluorescens for locomotion. (b) Schematic illustration of bacterial flagella inspired
by structural studies using cryo-electron microscopy. The images are adapted from material

presented by Quanta Magazine.
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Figure 11: (a) Experimental trajectory of a single E. coli cell and (b) a representative trajectory
of an active-particle model. The experimental cell was tracked in Adler’s motility medium at
32°C for 29.5 seconds, with the trajectory digitized at 12.6 frames per second. The trajectory
contained 26 runs and tumbles; the longest run lasted 3.6 seconds and the mean swimming
speed was approximately 21.2 um/s. Panel (a) is adapted from Ref. [2].
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generations.

One of the most important mecha-
nisms underlying long-term adapta-
tion is random genetic mutation. Mu-
tations can be neutral, harmful, or oc-
casionally beneficial. If a beneficial
mutation gives a bacterium an advan-
tage in a particular environment, its
descendants may become more abun-
dant.

A classic demonstration of the random
nature of mutation was provided by

Salvador Luria and Max Delbruck in
1943. They grew populations of E. coli

independently and then exposed them
to a virus that killed susceptible bacte-
ria. The number of surviving colonies
varied greatly between cultures.

them.

Reproduction: How Does a
Cell Know When to Divide?

Like all living organisms, bacteria must
reproduce to continue their lineage.
Many bacteria reproduce through bi-
nary fission. Before division, the cell
replicates its DNA, grows, and reor-
ganizes its internal machinery before
separating into two daughter cells.

But this raises a deceptively simple
question: how does a bacterium know
when it is ready to divide?

Several ideas have been proposed to ex-
plain bacterial cell-size control. Three
influential models are the timer, sizer,
and adder models.

"= I the timer model, a cell waits for

| a characteristic amount of time af-

ter birth before dividing. In the sizer

. model, the cell monitors its size and

divides after reaching a characteris-

% tic size. In the adder model, the cell

This large variation is difficult to ex-
plain if resistance appears only after
exposure to the virus. Instead, it is nat-
urally explained if mutations arise ran-
domly during growth, before the virus

is introduced. A rare resistance mu-
tation occurring early in one culture

can be inherited by many descendants,
producing a large resistant population,
whereas the same mutation occurring
late produces far fewer resistant de-
scendants.

This experiment became an impor-
tant piece of evidence for the idea
that mutations arise randomly and are
subsequently selected by the environ-
ment, rather than being deliberately
produced because an organism “needs”

adds approximately a fixed amount of
volume between birth and division,
largely independent of its size at birth.

The first two ideas are intuitive, but

each has difficulties when confronted
with the observed variability of cell

sizes. The adder model provides a par-
ticularly simple mechanism for stabi-
lizing cell size: a small cell tends to add
roughly the same amount of volume
as a large cell before division. Con-
sequently, the sizes of daughter cells

tend to fluctuate around a character-
istic value rather than becoming pro-

gressively smaller or larger.

Experiments on bacterial growth have
provided strong evidence supporting

adder-like behaviour in several bacte-
rial systems. A representative result is
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B. Adder division strategy in C. glutamicum
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Figure 12: Cell-size homeostasis in C. glutamicum through the adder mechanism. (A) Top: time-
lapse images of a C. glutamicum cell undergoing division, with one of the newborn cells ran-
domly chosen for size tracking. Bottom: cell size, quantified by cell length, as a function of
time. The solid line represents an exponential fit to the growth. The key cell-cycle variables
are indicated on the plot. Here, s, is the cell size at division and s, is the cell size at birth. (B)
The data reveal adder-like cell-size control, where A; = s; — s; is uncorrelated to s, across
C. glutamicum cell cycles. The picture is adapted from Ref. [3].

shown in Fig. 12.

Collective Dynamics: When

Bacteria Act Together

A single bacterium is already a remark-
able microscopic machine. But the
story becomes even more interesting
when thousands or millions of bacteria
interact.

Bacterial populations can exhibit col-
lective behaviours such as swarming,
coordinated motion, enhanced trans-
port, and pattern formation. They

can also form biofilms: communi-
ties in which bacteria live within a
protective matrix containing extracel-

lular polymeric substances, including
polysaccharides, proteins, and other
biomolecules.

Swarming is particularly striking (see
Fig. 13 for an example of collective mo-
tion in E. coli). Instead of moving inde-
pendently, bacteria can organize their
motion so that groups of cells travel

coherently, producing large-scale pat-

terns that emerge from local interac-
tions.

One way to model such collective mo-
tion is to begin with the mathemati-
cal description of a single swimmer and
add interactions between neighbour-
ing bacteria. Schematically,

i; = vow; + pF; +mi,  (39)
where the interaction force F; contains
contributions from neighbouring bac-
teria. An alignment interaction can

be introduced to make the direction of
one bacterium tend to align with the

directions of nearby bacteria.

For example, one may write

6, = alignment with neighbours+noise,

(40)
where the strength and spatial range of
the alignment determine how strongly
bacteria influence one another.

Remarkably, relatively simple models
of this kind can reproduce qualitative
features of collective bacterial motion.
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Figure 13: Collective motion of E. coli bacteria. The picture is adapted from Ref. [1].

Such models also provide a bridge be-
tween the microscopic dynamics of in-
dividual bacteria and the large-scale

patterns observed in bacterial popula-
tions.

A Microscopic World Still Full
of Questions

The examples above represent only a
small part of the bacterial world. Inside
a single cell, molecular machines con-
tinuously transport materials, store
and replicate genetic information, pro-
duce energy, maintain the cell enve-
lope, communicate with neighbouring
cells, and respond to changes in the en-
vironment.

What makes bacteria especially fasci-
nating is that all of this happens within
amicroscopic space, using physical and
chemical processes that operate far be-

References:

low the scale accessible to our everyday
experience.

We can therefore look at bacteria in
several complementary ways. Biol-

ogy tells us about their molecular ma-
chinery and cellular functions. Chem-
istry describes the reactions that make
those functions possible. Ecology asks

how bacteria interact with their envi-
ronment and with one another. Evolu-
tion explains how populations change

over generations. Physics provides

mathematical tools for understand-
ing their motion, fluctuations, interac-

tions, and collective behaviour.

A bacterium may be only a few mi-
crometres across, but within that tiny
space lies an entire world of sensing,
motion, reproduction, adaptation, and
collective behaviour. And despite cen-
turies of discovery, much of that world
remains hidden.
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The Man Who Disappeared

and the Parti

cle That Might Not

Ettore Majorana vanished without a trace in 1938. Nearly ninety years later, physicists are
still chasing the strange particle he left behind - one that may be its own opposite.

Ohidul Alam
Predoc-2023 batch e Theoretical Condensed Matter Physics

On the night of March 25, 1938,
a young Italian physicist named Et-
tore Majorana boarded a ferry from
Palermo to Naples - and was never seen
again. No body was found. No con-
firmed sighting ever surfaced. All that
remained were a few unsettling letters,
one hinting he might drown himself,
another written the next day claim-
ing he had changed his mind. En-

rico Fermi, who worked beside him,
once said Majorana’s mind belonged in
the same league as Galileo’s and New-
ton’s. So why did such a brilliant, quiet,
brooding scientist disappear so com-
pletely?

Figure 14: March 25, 1938: the Palermo-
Naples ferry crossing after which Ettore Ma-
jorana was never seen again.

We may never know. But Majorana’s
true legacy isn’t the mystery of his van-
ishing - it’s an idea so strange that
physicists are still chasing it nearly
ninety years later.

In 1937, the year before he disap-
peared, Majorana published a paper
proposing something wild: what if cer-

tain particles could be their own an-
tiparticles?

Every particle you've probably heard
of - electrons, protons, quarks has an
antimatter twin: same mass, opposite
charge. When a particle meets its an-
tiparticle, the two annihilate in a burst
of energy. Electrons and their an-
timatter counterparts, positrons, are
the classic example: distinct, opposite,

doomed to destroy each other on con-
tact.

Picture a coin that is heads and tails on the
very same side.

Majorana asked a different question:
what if a particle had no charge at all,
and simply was its own antiparticle?
Not merely similar to it - literally itself.

Figure 15: Ordinary particles (like the elec-
tron) have a distinct antiparticle. Majorana
proposed a class of particles - possibly the
neutrino - that are identical to their own an-
tiparticle.

This wasn’t just clever math on
a chalkboard. Majorana’s equations
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described real, testable physics - a
class of particles now called Majorana
fermions. For decades they lived

mostly in theory papers. Then neutri-
nos entered the picture. These ghostly
particles barely interact with anything
- trillions pass harmlessly through your
body every second - and they carry
no electric charge, making them the
prime suspect for Majorana’s strange
particles. If neutrinos really are their
own antiparticles, it could help explain
one of cosmology’s biggest puzzles:

why the universe is filled with matter
at all, instead of nothing, given that

matter and antimatter should have an-
nihilated each other completely at the

Big Bang.

More recently, Majorana particles have
found a second life in a very differ-
ent arena: quantum computing. Under
the right conditions - ultra-cold semi-
conductor wires paired with supercon-
ductors - physicists have spotted some-
thing that behaves like a Majorana par-
ticle appearing at the edges of a mate-
rial. It isn’t a fundamental particle but
a collective ripple of electrons, nick-
named a “Majorana zero mode.” These
are exciting because they might store
quantum information in a way that re-

sists the errors plaguing today’s quan-
tum computers.

So the same man who slipped out of
history without a trace left behind a
particle that refuses to be pinned down
as purely matter or purely antimatter.
Nearly a century later, labs around the
world are still hunting for definitive
proof that Majorana particles exist in
nature. It is, in its own way, a fitting
tribute: the search for a ghost, chasing
the ghost of a particle.
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My Journey with the Institute of Physics

Prof. Pradip Kumar Sahu
Year of joining - 2004 e Experimental High Energy Physics

The mnstitute of Physics (IOP),
Bhubaneswar, is undoubtedly one of
the premier institutions for physics re-

search and education in India. I con-
sider myself extremely fortunate to

have had a long and enriching asso-

ciation with I0P-first as a student and
later as a faculty member. My journey

at the institute has been one of learn-
ing, discovery, and continuous intel-

lectual growth. Even after completing
my postdoctoral research in Germany,
Japan, Italy, and several other places,
I returned to IOP with a deep sense of
belonging and gratitude. My experi-
ences at IOP have shaped not only my
scientific career but also my broader
understanding of what it means to be a
physicist.

During my student years, [ had the rare
privilege of interacting with some of
the finest physicists and teachers as-

sociated with I0P and the wider in-
ternational physics community. 1 was

fortunate to learn from eminent sci-
entists such as Prof. Asoke Sen, Prof.

Jogesh Pati, Prof. R. K. Bhaduri, and
many other distinguished researchers.
Their knowledge, intellectual curios-
ity, scientific discipline, and enthusi-
asm for physics had a profound influ-
ence on me. Interacting with such ac-
complished scientists opened my eyes
to the vast and fascinating world of
physics. More importantly, it taught
me that physics is not merely a collec-
tion of equations and theories; it is a
way of thinking, questioning, explor-

ing, and understanding nature.

One of the most valuable aspects of my

association with IOP was the excellent
scientific environment. We had op-

portunities to learn not only from our

teachers and senior scientists but also
through interactions with researchers

from around the world. Participation

in national and international confer-
ences, workshops, seminars, and scien-

tific meetings exposed us to the latest
developments in physics and allowed
us to interact with some of the leading
scientists of our time. These experi-
ences broadened our perspective and
gave us the confidence to participate

intthe international scientific commu-
nity.

IOP also has several unique facilities
that make it an exceptionally friendly
place for physics. The availability of
a library around the clock has always
been particularly valuable for students
and researchers. A good library is
the heart of any research institution,
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and having access to scientific litera-

ture whenever needed creates an en-
vironment in which curiosity and re-

search can flourish. The institute also
attracts talented students and young

researchers from reputed universities,
IITs, and institutions across India. The
opportunity to interact with such tal-
ented and motivated people is itself
a great learning experience. Discus-
sions over a scientific problem, infor-
mal conversations, and collaborations
often become as important as formal
classroom teaching.

My return to IOP as a faculty mem-
ber was therefore a particularly mean-
ingful chapter of my professional life.
I had the good fortune to work with
highly talented students and young re-
searchers, and these interactions con-
tinued to teach me new things every
day. Teaching and research became

a two-way process: while 1 tried to
share whatever knowledge and expe-
rience 1 had gained, my students con-
stantly challenged me with new ques-
tions, ideas, and perspectives.

Looking back, I feel deeply grateful to
IOP for providing me with an environ-
ment in which I could learn, grow, con-
duct research, teach, and interact with
generations of talented physicists. IOP

has been much more than an institute
for me; it has been an important part of

my intellectual and professional jour-
ney. The friendships, teachers, stu-
dents, scientific discussions, and mem-

ories associated with the institute will
always remain special. I feel truly for-

tunate to have been both a student and
a faculty member at such a wonderful

institution and to have experienced, in
its fullest sense, the joy of being part of
the world of physics.
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The Journey

Prof. Prashanta K. Panigrahi
Predoc-1980 batch e Theoretical High Energy Physics

Institute of Physics (IoP) was a bea-
con to many of us, studying physics
in colleges of Odisha. From my bach-
elors and masters in science days in
the 70’s (1976-1980), our teachers in
Ravenshaw College (presently Raven-
shaw University) had, on more than
one occasion, narrated to us about
this wonderful place, where brilliant
minds are carrying out fundamental
research. In fact, my favourite teach-
ers Prashant Jena and Laxmidhar Mo-
harana had been frequenting this place
in Bhubaneswar, bringing journals and
recent publications for us to browse
through. Due to their effort, a one-
day workshop was held in our college
with Prof. T. Pradhan leading the team
of faculty to our college for deliver-
ing seminars. This had quite an im-
pact on many students, some of whom
would eventually join in the doctoral
and pre-doctoral program of IoP. Read-
ing and digesting the books from MIR
publication, I had fancied myself as a

researcher. 1 ventured to the insti-
tute premises with a friend, to discuss

with the resident physicists my con-
cepts on harnessing radioactivity as a
controlled source of energetic charged
particles and another idea of the origin
of spin angular momentum.

To my surprise, Prof. Pradhan and Dr.
Ansari took me ‘seriously’, diligently
explaining to me using the blackboard
the ‘rawness’ of my ideas. They de-
scribed concepts like particle flux, scat-
tering cross section as well as spin be-

ing an intrinsic property of the parti-
cle, owing its origin to relativity. This
had a ‘cooling’ effect on me, making
me study more seriously with problem

solving as a key component of my edu-
cation.

As we were finishing MSc in physics,
the Institute of Physics became a more
familiar ‘word’ for us, where our su-
per senior, Pramoda K. Mohapatra, had
already joined, with the idea of grand
unification of physical forces in mind.
My classmate Tapaswini Patnaik and
I joined IoP for the pre-doctoral pro-
gram. The rigorous coursework, fond

memories of teachers like Profs. Be-
hera, Rao, Pradhan, Padhi, Phatak and

Misra, are also juxtaposed with failing
for the first time in my life, in the parti-
cle physics courses of Profs. Maharana
and Khare.

The presence of classmates like R.
P. Malik, Tapan Naik, Biswajyoti Dey,
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Samir Pal, Ravi, Prabhakarudu and
Smitha from different parts of India
gave the institute a unique flavour, en-
riched with frequent visits of eminent
researchers from India and abroad.

The institute moved from Saheed Na-
gar to its new abode near the far-off
Sainik School, being inaugurated by
the then prime minister Indira Gandhi!

The visit of the Nobel laureate Abdus
Salam, with collaborator Jogesh Pati,

made us fall for theoretical particle
physics as the field to pursue for higher
studies. 1 was encouraged by Prof.
Khare to explore larger horizons, lead-
ing me to City College and then Univer-
sity of Rochester for carrying out my
doctoral work.

The institute had a close association
with nearby Utkal University, with the
faculty of the university having ac-
cess to the excellent library and re-
search preprints. The picnics in nearby
scenic places, musical evenings and
playing card games used to keep us
refreshed. The rigorous coursework,
end-semester viva voce and the grand
viva at the end of the academic year are
still fresh in my mind.

After joining the graduate programs
of the City College of the City Univer-
sity of New York and then University
of Rochester, I valued my days in IoP

much more. I stayed in regular touch
with the institute faculty, during their
visits to the USA and on my trips back
home. In fact, my entry into research
through the ABJ anomaly and its con-
nection with spin have been deeply in-
fluenced by Profs. Pradhan and Khare.
My first paper on path integral deriva-
tion of anomaly in bosonic strings was
with Prof. J. Moharana, who had a col-

laboration with my supervisor Ashok
Das.

Moving to University of Illinois at
Chicago, 1 rediscovered my associa-
tion with IoP, through the fundamen-

tal contributions of Avinash Khare.
This association was going to stay

much longer, as during my postdoc-
toral tenure in University of Montreal

our collaboration extended to Chern-
Simons field theory. After coming back

to India, I have been visiting IoP, on
more than one occasion.

All my visits to Bhubaneswar would
lead me to the institute, charging me
with fresh energy and enthusiasm, be-
ing impressed by the highest standard
of the academic pursuit and research
atmosphere. It is not surprising that
this ‘tiny’ place has gained a foothold
in the global domain, with its alumni
spread across the world.
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Perovskite Solar Cells:
A New Chapter in the Solar Energy Story

Dr. Pronoy Nandi
Predoc-2013 batch e Experimental Condensed Matter Physics

For most of us in India, a solar
panel means a large, dark-blue or black
silicon panel fixed on a rooftop or
spread across a solar park. Silicon has
earned this position through decades
of development and will remain the
backbone of photovoltaics for years.
Yet a new family of materials metal-
halide perovskites is changing what we
imagine a solar cell can be. Perovskite
solar cells can be thin, lightweight,
semi-transparent and flexible. Their
performance has improved remark-
ably fast, taking them from labora-
tory curiosity to a serious candidate
for next-generation solar power. The
word perovskite describes a crystal
structure rather than one single ma-
terial. By changing its chemical com-
position, researchers can tune which
wavelengths of sunlight it absorbs. A
perovskite absorber can be only a frac-

tion of the thickness of a human hair
yet absorb sunlight effectively. Unlike

crystalline silicon, which needs high-
temperature processing, perovskite
layers can potentially be deposited us-
ing low-temperature coating or print-
ing methods. This opens possibilities
that are difficult with heavy, rigid sili-
con modules [1-2].

Does that mean perovskite have al-
ready defeated silicon? Not quite. The
more exciting story is how the two
can work together. A silicon cell can-
not use every part of sunlight equally
efficiently. In a tandem solar cell, a
perovskite top cell captures higher-

energy light while silicon underneath
collects lower-energy light. This “di-
vision of labour” allows perovskite-
silicon tandems to move beyond the
practical efficiency of todays single-
junction

Figure 16: Me with a 10cm x 10 cm Perovskite
solar module.

silicon technology [3]. Laboratory

tandem cells have crossed the mid-30%
efficiency range, and commercial tan-

dem modules have begun reaching cus-
tomers. All-perovskite tandems, us-
ing two perovskite layers with differ-
ent compositions, offer another route,
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especially where low weight and flexi-
bility matter [4].

This is where perovskites could change
our everyday relationship with solar
energy. Imagine the glass facade of
an office building producing electric-
ity without looking like a conventional
panel. Semi-transparent or coloured
perovskite modules could become part
of windows, roofs and walls an ap-
proach known as building-integrated
photovoltaics (BIPV) [5]. For Indian
cities, where available land is limited
but building area is enormous, such
solar skins could be valuable. Agri-
culture offers another opportunity. In
agrivoltaics, crops and solar modules
share the same land. Lightweight or
partially transparent perovskite mod-
ules could allow useful sunlight to
reach plants while generating electric-
ity above them. In a country where
land must support food, livelihoods
and energy, this could improve land
productivity, provided crop response,
durability, cost and farm operations
are carefully considered. At the other
end of the power scale are tiny elec-
tronic devices. Internet of Things (IoT)
sensors used in homes, factories, farms
and healthcare often need only small
amounts of power. Perovskites can
work well under low-intensity and in-
door illumination, making them in-
teresting miniature energy harvesters
that could reduce dependence on dis-
posable batteries. Their optoelectronic
properties are also being explored for
photodetection and light-based com-
munication, including systems related
to LiFi, where information is transmit-
ted using light rather than radio waves
[5].

Perhaps the most futuristic desti-
nation is space [1]. Every kilogram
launched into orbit costs money, so

power per unit weight is crucial. Per-
ovskite devices can be extremely thin
and lightweight, and studies show en-
couraging tolerance to high-energy ra-
diation. Perovskite and perovskite-

based tandem cells are therefore be-
ing investigated for satellites, high-

altitude platforms and future space

missions. However, vacuum, ultravi-
olet radiation and severe temperature

cycling create challenges very differ-
ent from those on Earth.

This technology still has important

weaknesses, Perovskites contain mo-
bile ions [6]. Under light, heat or an

electric field, these ions can migrate,
changing interfaces and accelerating
performance loss. Moisture and oxy-
gen can attack many compositions,
while prolonged illumination and high
temperature can trigger further degra-
dation. Scaling a tiny laboratory cell
into square-metre modules without de-
fects is another challenge. Encapsu-
lation must keep water out for years,
manufacturing must be reproducible,
and lead-containing devices require re-
sponsible containment and recycling.
Still, commercialization is no longer
a distant promise. Oxford PV an-
nounced the first commercial ship-
ment of perovskite-silicon tandem
modules in 2024 [1]. In China,
megawatt-scale perovskite demonstra-
tions have been connected to the grid,
including 1 MW projects, while compa-

nies have commissioned manufactur-
ing lines at hundreds-of-megawatts to

gigawatt scale. These numbers remain
tiny beside the enormous silicon indus-
try, so it is premature to call perovskite
a mass-market replacement. But the

transition from centimetre-sized re-
search cells to factories, rooftops and

field installations has clearly begun.

For India, the question should not sim-
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ply be whether perovskite will replace
silicon. A better question is: where
can it do things that silicon cannot do
easily? High-efficiency tandems can
generate more electricity from lim-
ited land; lightweight modules can use
roofs that cannot carry heavy pan-
els; semi-transparent devices can turn

ate entirely new products. The next
decade will decide how many of these
possibilities survive the demanding
tests of cost, lifetime and scale. If they
do, the solar panel of the future may
no longer look like a panel at all: it may
be a window, a wall, a farm canopy, a
sensor, or even the skin of a spacecraft.

ECHO-2026

buildings and greenhouses into power
generators; and flexible cells may cre-
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When Diffusion Creates Patterns

The Physics of Turing Instability

Raj Up

adhyay

Predoc-2022 batch e Theoretical Soft Matter Physics

One of the fascinating questions
in physics is how a system that begins
in a nearly uniform state can sponta-
neously develop spatial structure. In
many physical systems, diffusion is as-
sociated with smoothing out spatial
differences: particles move from re-
gions of high concentration to regions
of low concentration, tending to make
the system more homogeneous. How-
ever, in 1952, Alan Turing(Same Alan
Turing who gave idea of Turing Ma-
chines) showed that when diffusion
is coupled with chemical reactions,

it can have a counterintuitive effect.
Under appropriate conditions, diffu-

sion can destabilize an otherwise sta-
ble homogeneous state and lead to the

spontaneous formation of spatial pat-
terns. This idea, introduced in his work
“The Chemical Basis of Morphogen-
esis”, provided an important physi-
cal mechanism for understanding how
ordered structures can emerge from
simple local interactions. The signif-
icance of Turing’s work extends be-
yond chemistry and biology, since in-
stability and spontaneous pattern for-
mation are fundamental concepts in
physics, appearing in systems ranging
from phase transitions and fluid insta-
bilities to active and biological matter
such as cell cytoskeleton. The central
insight of Turing boils down to essen-
tially 4 key ideas.

e At least two species of reacting chem-
icals are required for the pattern for-

mation to occur.
e Diffusion of chemicals while reacting

can actually be the source of instabil-
ity on contrary to classical idea that
diffusion by itself smooth outs spatial

variation in chemical concentration.
e This instability caused by diffusion

cause the growth of structures at a par-
ticular wavelength.
e Pattern formation in chemical sys-

tems will not occur unless there is sub-
stantial difference between the diffu-
sion coefficient between the reagents.

A useful example for the visualizing
the ideas is the example of Gary Scott
reaction diffusion system. It consists
of two chemical species which reacts

in a non-linear fashion and diffuses
in space. Mathematical Equations nu-

merical patterns are given in the web-
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site with the barcode. Starting from
an almost homogeneous state with a
small perturbation, the coupled reac-
tion and diffusion dynamics can am-
plify certain spatial modes while sup-
pressing others. Depending on the pa-
rameters governing the reaction and
diffusion processes, the system can de-
velop a variety of structures, includ-
ing spots, stripes, and other complex
spatial patterns. The important point
is that these structures are not explic-
itly prescribed in the initial conditions.
Instead, they emerge dynamically as a
consequence of the instability of the
homogeneous state.

Turing also pointed out that the idea
of instability-driven pattern formation
can also be extended beyond chemi-
cal reaction-diffusion systems. In the
works of Justin S Bois, Frank Jiilicher,
Stephan W Grill, V. Kumar, a related
mechanism can be understood through
mechanical coupling and feedback. In-

stead of chemical concentrations be-
ing the variables that interact and dif-

fuse, mechanical degrees of freedom
are coupled to one another, allowing
a local deformation or displacement
to influence the surrounding system.
This interaction can generate feedback
between different parts of the sys-

tem, and under suitable conditions, the
feedback can amplify particular spa-
tial modes. Although such a mechan-
ical system need not be a classical Tur-
ing system in the strict mathematical
sense, it shares an important concep-
tual connection with Turing’s mech-
anism: spatial structure can emerge
spontaneously when local dynamics
are coupled through transport, inter-
action, and feedback.

What makes Turing idea so powerful
is that the complex patterns does not
require complex instructions. Simple
local interactions combined with spa-
cial coupling and a appropriate insta-
bility can be sufficient organized struc-

tures. From chemical reaction dif-
fusion systems to mechanically cou-

pled systems, emergence of pattern

can therefore be viewed as the man-
ifestation of broader physical princi-

ple:under the right conditions, an ini-
tially uniform state can become un-
stable, and the instability itself can
provide the mechanism through which
structure emerges. The accompanying
simulations explore these ideas visu-
ally, allowing the development of the
instability in Biological and active sys-
tems and the emergence of spatial pat-
terns to be followed directly in time.
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Institute of Physics: A World of Endless Opportunities

Dr. Sachindra Nath Sarangi
Year of joining - 2013 e Experimental Condensed Matter Physics
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My institution is a place of pride, hope, knowledge, and endless opportuni-
ties, where the lamp of learning shines brightly and young dreams spread their
wings toward new horizons. Here, talent is encouraged
to explore, question, discover, and climb new heights.
Science is not merely found in books; it becomes a liv-
ing experience through experiments, research, and in-
novation. The youthful minds here burn with curiosity
and ambition, and with the right opportunities, they
can create new knowledge and shape a better tomor-
row. Research opens new frontiers, technology creates
new paths, and teamwork builds the chariot of success.
Every student is given the courage to dream, the free-
dom to explore, and the opportunity to turn those
dreams into reality. A small step taken today can become a giant leap toward a
brighter future. Together, let us join hands, welcome a new dawn, share the light
of knowledge with the world, and create an identity that fills our institution with
lasting pride, purpose, and glory. My institution is a world of dreams, knowl-
edge, and endless opportunities. It gives every student the courage to explore,
the freedom to innovate, and the path to success. Here, talent finds recognition,
dreams find direction, and young minds prepare to shape a brighter tomorrow
with confidence, creativity, and hope.
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A Leaf from the Days in Brazil:

Tale of two dreams

Prof. Saptarshi Mandal
Year of joining - 2015 e Theoretical Condensed Matter Physics

I did my first postdoctoral stint
in Brazil, where 1 spent two years at
two different institutions - one year at
each. Looking back, it is difficult to
fully express any experience through
speech or writing. Experience, in some
sense, follows a principle reminiscent
of quantum mechanics: whenever we
try to “measure” it, only a part of it
can be captured. Great authors are per-
haps those rare people who can unfold
the colors of an experience before the
reader with remarkable fidelity.

Here, I would like to share two dreams
that became part of my journey with

physics. They were almost of opposite
polarity, yet perhaps complementary.
The first one was experienced while I
was asleep, while the second unfolded
while I was awake. Together, they
raise a deeper question: how does the
mind function? Is there any continuity
between the conscious, subconscious
and perhaps even the super-conscious
mind?

I joined my first institution, ICCMP, in
Brasilia in the first half of February
2009. The initial conditions were quite
challenging, but 1 would like to skip
those details and come directly to the
first dream.

I spent my first month in a university
guest house and then moved to a small
kitchenette-style apartment, specially
rented for one or two persons. The uni-
versity was about one and a half kilo-
meters away, within walking distance.

Adjacent to our apartment complex, on
the opposite side from the university,
was a large open playing field, where
I used to go every morning for some
physical exercise.

One night, around August 2009, I
had a strange dream. I was standing in
the field, surrounded by several owls.
The owls seemed to be communicating

with one another. I found the dream
quite unusual.

During those initial days, I also had
some rather ordinary dreams - for ex-
ample, I dreamed that 1 was talking
and gossiping with my favorite group
of friends from IMSc. That was hardly
surprising. 1 was missing them a lot,
and while my conscious mind was busy
adjusting to a completely new environ-
ment and way of life, my subconscious
mind was perhaps craving the familiar
Bengali “adda”.

But the dream about the owls was dif-
ferent. Curious, I searched Google for

possible interpretations. As expected,
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I found many different explanations.
One of them suggested that seeing owls
might symbolize encountering people
with great wisdom and insight.

Owls are nocturnal animals: they sleep
during the day and remain awake at
night. There is an interesting paral-

lel here with the idea of wisdom. To
gain wisdom, perhaps one needs to re-

main attentive to questions that ordi-
nary minds do not necessarily find in-
teresting, while remaining indifferent
to some of the things that occupy ordi-
nary minds.

Interestingly, a similar idea appears in
the Bhagavad Gita. In Chapter 2, verse
69, Krishna says:

“What is night for all beings
is the time of wakefulness for
the disciplined one; and what is
the time of wakefulness for or-
dinary beings is night for the
sage who sees.”

After looking at several possible inter-
pretations on Google, I convinced my-
self that perhaps I was going to meet
some wise people. It seemed like a rea-
sonable interpretation of the dream.

Of course, after a few days I forgot all
about it. Life was quite challenging,
and 1 was busy balancing the various
chores of everyday life in a new coun-
try.

Then, a couple of weeks later, I came

across_an advertisement on the web-
site of ICCMP for a conference featur-
ing several distinguished scientists, in-

cluding a Nobel laureate. I was quite
startled. Could my strange dream ac-
tually be materializing?

Indeed, during that conference I met
several remarkable physicists. I met
Prof. S. R. Salinas and had the oppor-
tunity to speak with Prof. E. H. Lieb.

I had studied Lieb’s theorem in con-
nection with the Kitaev model and had
spent more than six months trying to

extend the idea to a three-dimensional
Kitaev model, though I was ultimately

unsuccessful.

I also met Prof. F. D. M. Haldane, who
was visiting the institute around that
time, although he was not part of the
conference. I remember taking a pho-
tograph with him and another profes-
sor. In fact, the other professor had
asked me to take their photograph so
that he could keep it as a memory. I

also remember that Prof. G. Baskaran
was visiting the institute at that time.

On several occasions he told me, Hal-
dane is very deep. At that time, I did
not quite understand what he meant. I
began to appreciate the profound na-
ture of that remark only years later,

when Haldane received the Nobel Prize
in Physics in 2016.

Finally, I met G. Jackeli and G. Khal-
iullin, who had just published their
groundbreaking work on the material

realization of the Kitaev model. For
someone working on Kitaev physics at

that time, meeting these people was
extraordinary.

I also keenly observed Prof. David
Gross, as he was the first Nobel laureate
I had ever seen in person. One particu-
lar incident left a lasting impression on
me. In one of the conference sessions,
the audience was very small because
the conference was nearing its end and
the speaker was relatively unknown.
Yet Prof. Gross was sitting there, listen-
ing with full attention and carefully en-
gaging with the speaker’s arguments.
That stayed with me. I have noticed the
same quality in several other accom-
plished scientists: they do not judge a
book by its cover.
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Indeed, I thought, my dream had come
true.

The Other Side of the Journey:

The Brazil experience will probably
never be repeated, and I do not know
whether I will ever have the opportu-
nity to visit Brazil again. But before
ending this story, I would like to recall
another part of the experience-the aca-
demic journey and the lesson I learned
from it.

The day before 1 left for Brazil, I met
Shankar at IMSc, as I had started my
journey from Chennai. I do not remem-
ber whether the meeting was planned

or accidental; I think it was accidental.
I remember that it was around 10 p.m.

I was going to the office one last time,
while Shankar was returning from his
office. We met at the entrance.

After some discussion, he hugged me
and said, “I wish you perform well,
because whatever you do during your
PhD, people think it is because of your
guide.”

That sentence stayed with me.

Unfortunately, within a month of ar-
riving in Brazil, my postdoctoral men-
tor and I discovered that the project we
were supposed to work on had already
appeared on the arXiv. We were sud-
denly left wondering what to do next.

I then decided to learn Functional
Renormalization Group (FRG), an area

in which my mentor was an expert and

in which the director of the center had
also been working for a long time. This

decision was made around April or May
20009.

Meanwhile, the director decided to es-
tablish a new center in Natal, more
than 2,000 km away from Brasilia, and
move the activities of the existing cen-
ter there. This created another unex-

pected challenge for me. I now had to
relocate from Brasilia to Natal, find a
new house and somehow manage ev-
erything while the new center itself
was non-existent and many of the ba-

sic support facilities were not yet avail-
able.

As a foreigner, it was a particularly dif-
ficult situation.

When the administrative manager
came to know about my situation, he
humorously declared, “Saptarshi is the
bravest person among us! He wishes to
reach Natal before we do!”

Brazilians are very humorous people.
Sometimes, with one funny comment,
they can take away much of your worry.

Fortunately, I came to know that some
other postdocs, Humberto from Brazil

and Daniel from Peru, were also mov-
ing to Natal. We initially stayed in a ho-

tel for a week or two and searched for
an apartment ourselves. 1 can never

forget the help I received from Hum-
berto, with whom I eventually shared a
very nice apartment about 6 - 7 kilome-

ters from UFRN in which the institute
started its activity as it did not have its

own building. After few months it re-
located to a rented house nearby.

Slowly, I began to catch up with my

studies. But I soon realized that the
problem I was working on - the An-

derson impurity problem - had already
been extensively studied, and it would
be difficult to obtain anything substan-
tially new from it. The director himself
suggested that I move to another prob-
lem.

I moved to heavy-fermion systems and
began applying FRG to them. Around
that time, an interesting experimen-
tal work on a heavy-fermion system
involving point-contact spectroscopy
appeared. The discussion around us
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suggested that we should try to under-
stand the experimental features the-
oretically, particularly the Fano res-
onance associated with the heavy-
fermion state.

That brought another challenge.

The problem required a formalism of
transport and, therefore, a knowledge
of non-equilibrium Green’s functions -
the Keldysh formalism. I started learn-
ing the method with another PhD stu-
dent, Thiago. After about six months,
we obtained some preliminary results.

And then, once again, we discovered
that A. V. Balatsky and his co-authors
had already published a closely re-
lated theoretical treatment in Physical
Review Letters: P. Wolfle, Y. Dubi, and
A. V. Balatsky, “Tunneling into Clean
Heavy Fermion Compounds: Origin of
the Fano Line Shape,” Physical Review
Letters 105, 246401 (2010).

My dream was shattered for the second
time.

I was quite disappointed. During the
last three or four months of my stay
in Brazil, I began studying the physics
of high-temperature superconductors

and looking for my next postdoctoral
position.

Fortunately, I received an offer from
my old collaborator and mentor, Prof.
Krishnendu Sengupta. 1 moved on,
once again starting afresh and trying
to put together the missing pieces of
my academic journey.

Looking only at the publication record,
one might conclude that my two years
in Brazil were not particularly produc-
tive. Today, however, I see those two
years very differently.

Brazil gave me a vast exposure to
strongly correlated physics and to a
wide range of techniques and prob-
lems: the Anderson impurity problem,
Functional Renormalization Group,
heavy-ferrnion systems, Fano reso-
nance, transport, the Keldysh formal-
ism, and unconventional superconduc-
tivity.

More importantly, Brazil taught me
how to move from one problem to an-
other, how to start learning something
completely new when necessary, and
how to continue when a seemingly
promising path suddenly disappears.

Perhaps that is the real meaning of the
second dream.

The first dream was fulfilled in a rather
magical way - I found myself sur-
rounded by some of the great minds
of physics.

The second dream was repeatedly shat-
tered.

Yet, strangely enough, it was the sec-
ond one that perhaps helped shape me
more deeply as a physicist.

Brazil may not have given me the pub-
lications I had hoped for. But it gave
me something more difficult to mea-
sure: a much broader view of physics,
the courage to start again, and, above
all, a deeper love for the subject. Fur-
ther, the wonderful people, magnifi-
cent nature and carefree atmosphere
everywhere and joyful culture put no
pressure onto me so that at the end
of two years my mind and soul were

greatly nourished for the next phase of
life.

For that, I will always remember Brazil.
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The Lonely Palm Tree

Prof. Saptarshi Mandal
Year of joining - 2015 e Theoretical Condensed Matter Physics

The sun leaving the sky to the Moon
the sheet of darkness descending soon.

Finally, the day-long trial getting over,
on the way to their sweet shelter,

they found you, the lonely Palm tree,
a gift from nature, rendered free.

Thy offerings, plenty, sweet and sour,
enough to add color in that hour.

Forgetting where they stood in age,
little children came out of the cage.

Awakening from the dream, the girl murmured,
“We were friends in another life, in a distant past.”

“Yes, now picking up the plums from the dust,”
The boy replied.

Far away from that beautiful place,
free from the shackles of time and space,
I wonder - friends were they indeed?

For it was three:

that boy, that girl, and in Trieste,
that lonely Palm Tree.
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The Accidental Light That Changed Science
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Predoc-2022 batch e Experimental Condensed Matter Physics

Every day, scientists from remark-
ably different fields walk into the same
giant circular building, carrying very
different questions. A neuroscien-
tist hopes to understand why pro-
teins in the human brain suddenly mis-
fold, eventually leading to Alzheimer’s
and Parkinson’s disease. An engi-

neer wants to watch lithium ions move
through a battery while it charges and

ages, searching for longer-lasting and
safer energy storage. An archaeolo-
gist arrives with a charred manuscript

whose hidden words have remained
unread for centuries, while a palaeon-

tologist hopes to look inside a dinosaur
fossil without removing a single grain
of rock. Elsewhere in the same build-
ing, a physicist investigates quantum
materials, searching for entirely new
states of matter that may one day
transform future technologies. Their
questions couldn’t be more different.
Yet every one of them relies on the
same beam of light.

That beam of light has a remarkable
story of its own. Like many great dis-

coveries, its story began with an acci-
dent. In the 1940s, physicists building
powerful particle accelerators called
synchrotrons to explore the funda-
mental building blocks of matter no-
ticed that electrons lost energy as bril-
liant flashes of light whenever power-
ful magnets bent their paths. To the
accelerator physicists, those brilliant
flashes were nothing more than wasted
energy, quietly stealing power from the
very particles they were trying to ac-
celerate. Yet what seemed like a prob-
lem soon became one of the most pow-
erful scientific tools ever created.

Today, this light is known as syn-
chrotron radiation.

But what makes a speeding electron pro-
duce light in the first place? The an-

swer lies in one of nature’s most el-
egant laws: whenever an electrically

charged particle accelerates, it emits
electromagnetic radiation. As billions
of electrons race around a giant circu-
lar ring at almost the speed of light,
powerful magnets continuously bend
their paths, causing them to emit in-
tense bursts of radiation.

If that sounds familiar, it’s because syn-
chrotrons and CERN’s Large Hadron
Collider are close cousins both giant
rings where particles race at nearly
the speed of light. But they were
built for entirely different purposes.
The crucial difference lies in the choice
of particle. CERN accelerates protons

because their enormous mass allows
them to retain their energy until they
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collide, revealing new fundamental
particles.  Synchrotrons deliberately
choose electrons for exactly the oppo-
site reason. Nature gives lighter parti-
cles a strange advantage: when forced
around a curve, they radiate dramat-
ically more energy than heavier par-
ticles. In fact, the emitted power de-
pends on the inverse fourth power
of the particle’s mass. Since an elec-
tron is nearly 2,000 times lighter than
a proton, it emits more than ten tril-

lion times as much radiation under the
same conditions. What once frustrated
accelerator physicists became the very

reason synchrotrons were built.

The radiation emitted by the electrons
spans almost the entire electromag-
netic spectrum - from infrared and vis-
ible light to ultraviolet and X-rays. For
many experiments, however, X- rays
are the real treasure. Their wavelength
is comparable to the spacing between
neighboring atoms, allowing scientists
to explore matter atom by atom. Un-
like the X-rays produced in a conven-
tional laboratory, synchrotron X-rays
are exceptionally intense, highly fo-
cused and can be precisely tuned to
different energies. Rather than sim-
ply taking an image, they allow scien-
tists to determine atomic structures,
probe the local chemical environment

of specific elements, follow chemical
reactions in real time, and detect sig-
nals far too weak for ordinary X-ray
sources to reveal.

Producing these extraordinary X-rays,
however, is only half the story. Scien-
tists capture the beam and guide it
through long experimental corridors
called beamlines, each leading to a spe-
cialized experimental station designed
to answer a different scientific ques-
tion.

Today, from France and Japan to Brazil
and India’s own Indus-2, these giant
rings of light quietly power discover-
ies every day. In early 2020, it was ex-
actly this kind of light - at the Diamond
Light Source in the UK - that revealed

the atomic structure of the SARS-CoV-
2 main protease, the enzyme the virus

needs to replicate. Within weeks, that

structure let researchers screen thou-
sands of candidate molecules against

it, kick-starting the search for COVID-
19 antiviral drugs. The same beam
that maps a virus’s weak point also
probes batteries, fossils, and ancient
manuscripts down the hall. The beam is
the same; only the questions change. And
perhaps, somewhere at the end of one
of those beamlines, lies the answer to
a question we haven’t even learned to
ask yet.
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Dark Matter detection using Quantum Sensors

Sidharth Dangwal
Predoc-2025 batch e Theoretical High Energy Physics

The Dark Matter Problem: The nature
and origin of Dark Matter is one of the

major open problems today in Cosmol-
ogy and Particle Physics. The observed
gravitational effects of Dark Matter can
be explained by a non-baryonic com-
ponent which dominates the universe,
but its microscopic properties and pro-
duction mechanism is still unknown.

Evidence for dark matter comes from
observations at many different scales.
Stars in galaxies rotate much faster
than would be expected if they were
composed solely of the visible mat-
ter we can see. The bending of
light by galaxies and galaxy clusters
(called gravitational lensing) reveals
more mass than just stars and gas.
On even larger scales, the formation
and fragmentation of cosmic struc-
tures, as well as patterns in the cosmic
microwave background, provide fur-
ther evidence of a large, invisible part

of the universe. These observations
tell us something significant: There

is more matter in the universe (called
dark matter) than what we observe and

we have considerable evidence of what
dark matter does, but we still dont

know what dark matter is.

For decades, a major possibility has
been that dark matter consists of new,
weakly interacting particles. This pic-
ture has motivated a great deal of ex-
perimental work, from underground
detectors searching for rare interac-
tions to particle colliders attempting to
create new particles. However, dark

matter is not necessarily made of ex-
tremely heavy particles, it may be com-
posed of particles with very light mass.

Ultralight Dark Matter (ULDM):

ULDM is a class of DM whose masses
range from 1 eV to 107% eV. Candi-

dates in this class behaves like a wave
rather than individual particles due

to their extremely small masses; ax-
ions and axion-like particles (ALPs) are
one of the examples of such ultralight
dark matter. The QCD axion is par-
ticularly well motivated since it was
originally introduced as a solution to
the Strong CP problem and also arises
naturally in several high-energy and
string-theoretic frameworks.

With such a small mass, its de
Broglie wavelength can be very large,

larger than microscopic scales and, for
very light particles, even larger than
astronomical distances. This changes
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the most practical way to describe dark
matter. Instead of thinking of the dark
matter halo as a large collection of in-
dividual particles floating around in
the galaxy, we can, with a very good
approximation, describe it as a coher-
ent field extending through space. In
this picture, the field undergoes os-
cillations, which can be schematically
represented as

o(t) ~ ¢g cos (wt + 0),

where ¢ is the amplitude of the field,
w is its oscillation frequency, and 6 rep-
resents its phase. The oscillation fre-
quency is directly related to the mass
of the field. In natural units, where
h = ¢ = 1, one has approximately
W = M.

Thus, the mass of an ultralight dark-
matter particle determines not only
how strongly its quantum nature itself,
but also the characteristic frequency

at which the associated field oscillates.
This field picture also introduces the

concept of coherence. Field oscilla-
tions are not completely random from
point to point or from moment to mo-
ment in phase. Instead, they are cor-

related over characteristic coherence
times and coherence lengths. As a re-

sult, an experiment on Earth could,
theoretically, detect a nearly continu-
ously oscillating background as the so-
lar system moves through the galactic
dark-matter halo.

However, it is important to clarify what
is meant by saying that ultralight dark

matter behaves like a “wave.” This does
not mean that dark matter is an elec-
tromagnetic wave like visible light or

radio waves. Rather, the underlying
quantum field may consist of a huge
number of particles in a highly pop-
ulated state. In this regime, the col-
lective behavior of the field can be de-

scribed very accurately by a classical,
coherently oscillating wave.

Effects of ULDM on ordinary matter:

Different models of ULDM allow for dif-
ferent types of interactions although

weakly, with the particles and fields of
the Standard Model. In some cases, the
oscillating field could cause small peri-
odic variations in quantities that deter-
mine the properties of ordinary matter,
such as the fine-structure constant «,
the electron mass me, or the masses of
quarks. Schematically, one can think of
it like this:

a — aft)
me — me(t)
mg — my(t)

where the time dependence is driven
by oscillations in the dark-matter field.
The size of these variations may be ex-
tremely small, but their periodic na-
ture provides an important clue to de-
tection. Change in these fundamental
parameters matter a lot because the
properties of atoms are determined
by them. The energy levels of an
atom depend on the masses of its con-
stituent particles and on the strength
of electromagnetic interactions. Con-
sequently, even a tiny change in a fun-
damental constant can produce a tiny

shift in the energy difference between
two atomic states.

An atomic clock exploits this fact. At
its core, an atomic clock uses a highly

stable transition between two atomic
states as a reference frequency. A laser

or microwave signal is tuned to this
transition, and the frequency of the
signal can be measured with extreme
accuracy. So, In a nutshell, an atomic
clock is not just a device for keeping
time, it is an extremely precise mea-
sure of the properties of atoms.
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If we imagine an ultralight dark-matter
field moving through the laboratory.
If it slightly changes one of the fun-
damental parameters governing the
atomic transition, the transition fre-
quency itself will oscillate. The clock
will then experience a small periodic
shift in its measured frequency. The
challenge is that the expected effect
is incredibly small. Real laboratories
are full of sources of noise: temper-
ature fluctuations, magnetic fields,
vibrations, electromagnetic interfer-
ence, and imperfections in experimen-
tal equipment can all alter the mea-
sured frequency. Therefore, a potential
dark-matter signal must be separated

from these common environmental ef-
fects. However, the underlying idea

is very simple. We do not necessarily

need to observe the dark-matter field
directly. Instead, we can look for the

tiny changes it may leave on matter.

Using Quantum Technology for ULDM de-
tection:

Atomic clocks are not the only system

that can be used to discover subtle ef-
fects of ultralight dark matter. The

same basic idea of using an extremely
precise quantum system to observe a
small, periodic perturbation could be
implemented in many different ways.

One promising approach uses atomic

interferometers. In an atomic interfer-
ometer, atoms are placed in a quantum

Superposition of different paths and

then recombined. The accumulated
relative phase between these paths can

be Measured with extreme precision.
If an ULDM field interacts with atoms,
it can produce a small change in their
phase or motion. Instead of looking for
changes in the frequency of the atomic
clock, one can search for dark matter
induced changes in atomic interfer-

ence patterns.

Another possibility involves optical
cavities. These devices confine light
between highly reflective mirrors
that are sensitive to extremely small
changes in the properties of the light
or the cavity itself. If an ULDM field
causes a tiny variation in fundamen-
tal constants, it may slightly modify
the optical properties of the system.
By monitoring the cavity with suffi-
ciently high precision, one can search

for the characteristic oscillation ex-
pected from the dark matter field.

Perhaps an even more powerful idea
is to use multiple quantum sensors in

different locations to exploit an impor-
tant
property of ULDM, which is Coher-

ence. Common environmental distur-
bances like temperature fluctuations,

vibrations, or electrical disturbances
that affect one lab are usually local and
will not necessarily have the same ef-
fect on another. However, a true dark
matter field that extends throughout
space and can remain coherent up to a
certain distance. Therefore, if two dis-
tant sensors observe a matching oscil-
lation at the same frequency and with
the same phase relationship, it would
be difficult to interpret that correlation
as common lab noise. Therefore, a net-
work of sensors can provide informa-
tion that a single experiment cannot
provide.

What Would a Dark-Matter Signal Look
Like?

If we assume that an ultralight dark-
matter field is oscillating through the
laboratory. The simplest expectation is
atiny periodic variation in the quantity
being measured. Schematically, such a
signal could take the form

5X(t) =A COS(LUDMt + 9),
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where A is the amplitude of the varia-
tion, wpy is the characteristic angular
frequency associated with the the mass
of the dark-matter field, wpy ~ my in
natural units, and 6 is its phase.

The amplitude A could be very small,
making the signal virtually indistin-
guishable from experimental noise.
However, the signal would have sev-
eral properties that make it interesting.
First, it would be at a specific frequency
determined by the dark-matter mass.
Second, it would persist over many os-
cillation cycles, rather than appearing
as a random fluctuation. Third, be-

cause the dark-matter field is coher-
ent over a limited region of space and

time, measurements made with differ-

ent sensors could show correlations.
These properties provide an effective

way of distinguishing a potential dark-
matter signal from ordinary noise.

There is another unique possibility.
Because the Earth passes through a
galactic dark-matter halo, the signal
does not need to be completely sta-
ble in its spatial or temporal proper-
ties. The motion of the solar system
through the dark-matter distribution

can leave faint traces in the observed
signal. Therefore, a sufficiently sen-

sitive network of detectors can detect
not only oscillations but also specific

spatial and temporal structures asso-
ciated with the fields passing through
the galaxy. In this sense, the experi-
ment will not only tell us that “some-
thing is oscillating.” It can tell us that
an invisible field with a specific mass,
interaction, and coherence structure is
passing through our laboratory.

However, detecting oscillations does
not, in itself, constitute the discovery
of dark matter. Experiments are sur-
rounded by many sources of unwanted
signals. Temperature changes can al-

ter atomic frequencies, magnetic fields
can distort energy levels, vibrations
can affect optical systems, and fluctua-
tions in lasers and electronics can pro-
duce distinctly periodic signals. The

environment outside the lab can also
have subtle effects. Therefore, a defini-

tive finding will require more than sim-
ply observing periodic changes. So,
Instead of relying on a single experi-
ment, one can compare atomic clocks,
optical systems, atom interferometers,
and other precision instruments. If sig-
nals with the same intrinsic frequency
and relative responses predicted by

the same dark-matter model are ob-
served in different experiments, the

case for a new physical field becomes
very strong.

Conclusion:

Our understanding of dark matter has
reached a point where we have strong
evidence for its existence, and we can
accurately describe its gravitational ef-

fects on the universe. Yet, even af-
ter decades of searching, its micro-

scopic identity remains unknown. Ul-
tralight dark matter offers a fascinat-
ing possibility. If dark matter is rep-
resented by a light, uniformly oscillat-
ing field, its presence could be detected
not by big collisions, but by extremely
small changes in the physical systems
around us. Atomic clocks, atom inter-
ferometers, optical cavities, and other

quantum sensors offer a completely
different way to search for such sig-
nals.

Traditionally, the search for new par-
ticles has often meant building more
powerful accelerators or detectors.
The search for ultralight dark matter
suggests a complementary strategy of
measuring very precise and observing
the tiny effects of particles that may al-
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ready be passing us by. Therefore, the
dark matter around us may not show
its presence with a flash of light or a
powerful collision. Instead, it may re-
veal itself through a subtle rhythm hid-
den in the ticking of a clock, the phases
of atoms, or the resonances of quantum
systems. New physics may be hidden

in a tiny frequency shift, a tiny phase
difference, or a faint oscillation buried

beneath the noise of our environment.
Perhaps the next breakthrough in par-

ticle physics will come not from creat-
ing something new, but from learning
to listen more carefully to what is al-
ready around us.
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From Brilliant Scientists to Transformative Leaders:
Rethinking Science Leadership in India

Sriparna Chatterjee
Materials Chemistry and Interfacial Engineering Department, CSIR-Institute of Minerals &
Materials Technology, Bhubaneswar - 751 013, Odisha, INDIA
Email: sriparna251@gmail.com

The next frontier of Indian sci-
ence may not be a new laboratory, a

new instrument, or even a new break-
through. The country has a large and
increasingly ambitious scientific com-
munity, a rapidly expanding higher-
education ecosystem, a young popu-
lation of researchers, growing invest-
ment in research and innovation, and
an increasingly confident aspiration to
contribute to global science and tech-
nology. Yet, as India’s scientific ambi-
tions grow, an important question de-
serves greater attention: Do we have
enough scientists who are prepared
not only to do excellent science, but
also to lead people, institutions, collab-
orations and most importantly bring
change?

A brilliant researcher may discover
a new material, develop a new pro-
cess, build an impressive laboratory,
publish high-citation papers or create
a successful technology. But scien-
tific progress at scale requires some-
thing more. It requires people who
can bring together diverse expertise,
mentor young researchers, communi-
cate across disciplines, navigate in-
stitutions, build partnerships, man-
age failure, make ethical decisions and
translate scientific knowledge into so-
cietal value. This is perhaps one of the
most important transitions facing In-

dian science today.

From the individual scientist to the scien-
tific ecosystem: For much of the twen-

tieth century, the image of a success-

ful scientist was centerd on individ-
ual achievement: the important dis-

covery, the influential paper, the pres-
tigious award, the laboratory and, in-
creasingly, the research grant. These
remain important. But contemporary
science is becoming progressively less
individualistic. For example, climate
change cannot be addressed by a sin-
gle discipline. Artificial intelligence
is transforming virtually every field of
science and engineering. Semiconduc-
tor technologies require materials sci-
entists, physicists, chemists, engineers
and computational experts to work to-
gether. Precision medicine brings to-
gether biology, medicine, data science
and engineering. Sustainable agricul-
ture requires scientists to collaborate
with farmers, economists, policymak-
ers and industry. The most important
scientific questions of our time increas-
ingly sit between disciplines rather
than within them. This changes the
meaning of scientific leadership. The

scientist of the future must be able to
ask not only, "What can I discover?"

but also: "Whom should I work with?";
"How can this knowledge move beyond
my laboratory?"; "How do I create an
environment where younger scientists
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can do better than I did?"; "How do I
build a team that remains strong even
when I am no longer leading it?"

New leadership expectations: Leadership
is no longer being viewed simply as
something that happens after one be-
comes a departmental head, Dean, Di-

rector or Vice-Chancellor. It is increas-
ingly seen as a capacity that should

be cultivated throughout an academic
career. There is a significant shift in
thinking. The National Education Pol-
icy (NEP) 2020 explicitly calls for multi-
disciplinary higher education, greater
faculty and institutional autonomy,
stronger research ecosystems, institu-
tional leadership, and a National Re-
search Foundation to catalyse research
in universities and colleges. Impor-
tantly, the policy recognizes that insti-
tutional transformation depends on ef-
fective academic leadership and calls
for identifying talented faculty early
and developing them through a lad-
der of leadership positions. The estab-

lishment of the Anusandhan National
Research Foundation (ANRF) is an-

other important development. Created
through the ANRF Act, 2023, the foun-
dation is intended to provide strate-
gic direction to research, innovation
and entrepreneurship across a broad
range of disciplines and to strengthen
connections among academia, indus-
try and government. Such an ecosys-
tem creates opportunities, however,
opportunities alone do not create im-
pact. They require scientists/faculties
who can recognise opportunities, for-
mulate meaningful questions, build
collaborations, write competitive pro-
posals, manage teams, communicate
with stakeholders and take responsi-
bility for outcomes. We must under-
stand that the grant is not the destina-
tion. For an early-career scientist, ob-

taining a research grant can feel like
the ultimate validation. It is a signif-
icant achievement. But receiving the
grant is only the beginning. A suc-
cessful research project requires much
more than scientific knowledge. There
are students to mentor, experiments to
plan, timelines to manage, collabora-
tors to coordinate, instruments to ac-
cess, data to interpret, papers to write,
reports to submit and unexpected fail-

ures to handle. And then comes the
more difficult question: What happens

after the project ends? Does the re-
search lead to another question? Does
it create a technology? Does it inform
policy? Does it generate a startup?
Does it benefit a community? Does it
train a generation of researchers? Does
it build an enduring research group? A

research leader therefore has to think
beyond the immediate deliverable. The

best scientific leaders build ecosystems
around ideas.

The laboratory, the first leadership school:
Perhaps the most important place in
which a scientist learns leadership is
their own laboratory. A Principal In-
vestigator may be formally in charge,
but leadership cannot be sustained
through hierarchy alone. A doctoral
scholar who is afraid to question an as-
sumption may produce technically cor-
rect but intellectually limited research.

A student who receives criticism with-
out mentoring may lose confidence. A

postdoctoral researcher whose contri-
bution is not acknowledged may disen-
gage. A team where information and
credit are concentrated at the top may
eventually lose trust. Conversely, a re-
search group where people can ques-
tion, collaborate, disagree respectfully,

learn from failure and receive credit
fairly can become extraordinarily pro-

ductive. This is why research leader-
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ship is fundamentally human leader-
ship. Scientific competence may get a
person to the laboratory. But empa-
thy, communication, fairness, mentor-
ing and the ability to build trust de-
termine what happens inside it. The
leader’s most important output may
therefore not be a paper. It may be the
people who leave the laboratory bet-
ter equipped to lead their own scien-
tific journeys.

Collaboration is no longer optional: One
of the most powerful shifts in scien-
tific leadership is moving from indi-
vidual ownership to collective purpose.

This does not mean that individual ex-
cellence becomes irrelevant. Rather,

it means placing individual excellence
within a larger mission. Indian science

has a remarkable tradition of institu-
tions and centers of excellence. But the
complexity of contemporary scientific

problems demands stronger connec-
tions between them. The question is no
longer simply whether individual insti-
tution can become excellent indepen-
dently. The more important question

is: Can excellence connect? This re-
quires distributed leadership. No sin-

gle scientist can possess all the exper-
tise required to solve a complex prob-

lem. Effective leaders therefore learn
to create teams in which expertise is

distributed rather than concentrated.
The leader becomes less of a person

who has all the answers and more of
a person who knows how to bring to-

gether the people who can find the an-
swers. The emerging scientific leader
is increasingly a boundary-spanning
professional. This is especially impor-
tant in India, where scientific institu-
tions often have different mandates,
cultures and administrative systems. A

young scientist who can build bridges
across these boundaries has a dispro-
portionately large potential for impact.

This is why skills such as negotiation,
communication, project management,
stakeholder engagement and conflict
resolution should no longer be treated
as peripheral to scientific training.

Leadership must begin early: Tradition-
ally, academic leadership was often
treated as a senior-career activity. A
scientist first became a researcher,
then a Professor, then perhaps a Head
of Department, Dean, Director or Vice-
Chancellor. The problem with this
model is simple: leadership cannot
be learnt overnight after receiving an
administrative appointment. There

should be a smooth transition in the
science of saying we. Scientific ca-

reers can be highly individualistic. We
count papers. We count citations. We
count grants. We count patents. We

count awards. Of course, these met-
rics have their place. But leadership in-
troduces another vocabulary: we built;
we mentored; we collaborated; we en-
abled; we translated; we served. The

transition from "I" to "we" is not a
loss of individual identity. It is an ex-

pansion of impact. A scientist who
publishes ten excellent papers creates
knowledge. A scientist who builds a
team that produces hundreds of excel-

lent researchers over several decades
creates a scientific ;nstl.tutlon. The sec-
ond form of contribution may be less

visible initially, but its influence can be
much larger.

The uncomfortable question of recognition:
Scientific leadership also requires us
to rethink how we recognise achieve-
ment. If we reward only individ-
ual publication counts, grants, awards,
researchers may focus disproportion-
ately on individual recognition. But if
institutions also value mentoring, team
building, interdisciplinary collabora-
tion, societal engagement, technology
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translation, teaching innovation and
institutional service, they send a differ-
ent message about what academic ex-

cellence means. This broader defini-
tion of excellence is essential for devel-
oping healthy academic cultures. The

scientist who quietly mentors a gen-
eration of students may not appear in

a citation database for that contribu-
tion. The faculty member who brings

together researchers from five depart-
ments may not have a single metric
capturing the collaboration. The per-

son who creates an inclusive research
environment may never receive a con-

ventional scientific award for doing so.
Yet these are forms of leadership that
determine whether scientific institu-
tions thrive.

What should Indian scientific leadership

look like? We must realize that there
cannot be one single model. India is

too diverse for a single template. A

successful research-intensive institute
may require one form of leadership. A

state university may require another. A
national laboratory may have different
priorities from an agricultural research
institute. A young university may need
entrepreneurial leadership, while an
established institution may need cul-
tural transformation. Yet certain prin-
ciples are universal: Lead with pur-
pose; Build people, not just projects;
Collaborate generously; Communicate
clearly; Make ethics non-negotiable;
Share leadership; Prepare successors.

The ultimate test of a leader is what
happens after they leave.
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The Classroom I Remember, The India I Imagine

Subhalaxmi Rout
Predoc-2022 batch e Experimental High Energy Physics

I still hear that morning bell. Not
the harsh mechanical ring of today, but
the deep clanging music of a bronze
bell that hung in the courtyard of my
primary school. It called us from our
homes, from our dreams, from our half
eaten breakfasts, and gathered us to-
gether under the open sky. We stood
in crooked lines, singing prayers we
barely understood, watching the flag
climb its pole like a slow orange sun.

Then we marched into our classrooms,
rows of wooden benches, a dusty black-

board, and the faint smell of chalk

and old books. That was the class-
room I remember. For years, I thought

that was all education was supposed
to be. Lessons, homework, examina-
tions, the thrill of holidays, the sting of
low marks, and the relief when the fi-
nal bell rang. But somewhere between
childhood and now, I began to wonder.

What if that tiny classroom, so small on
the map of India, was actually one of
the most powerful places in the coun-
try? Not because of what children
memorise there, but because of what
they become there. Think about it. A

child sits in that room for five or six
years. In those years, she learns not

just maths and science, but something
far more important. She learns how to
see the world. What if, instead of only
reading about diseases in a textbook,
she walked into her neighborhood and
taught her grandmother why stagnant
water is dangerous? What if, instead
of just drawing a tree, she planted one

and watched it grow alongside her, year
after year? What if, instead of only
learning about rivers in geography, she
learned why her own village pond was
drying up and what she could do about
it? That is not just education. That is
life itself.

I remember one afternoon in
school, not from a textbook, but from

life itself. Our teacher asked us to make
something with our hands. Anything.

We made little clay pots, paper flow-
ers, painted stones, and set up small
stalls in the schoolyard. We sold them
to each other, not for real money, but
for paper tokens. That day, I discovered
something. I discovered that I could
create something that others wanted.
I discovered that I could speak to peo-
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ple, convince them, laugh with them,

and learn from them. I discovered that
an idea, no matter how small, could

become something real. That one af-
ternoon taught me more about con-
fidence, communication, and courage
than any examination ever did. And I
thought, what if every child had more
days like that?

Some lessons are not written on the
blackboard. They are written in the si-

lences, in the tears a child hides, in the
laughter that erupts unexpectedly, in
the quiet friendship between two chil-
dren from different homes, different
languages, different gods. Our coun-
try is a garden of a thousand flow-
ers, but we are not always taught to
admire the beauty of our differences.
We are sometimes taught to fear them.
What if the classroom became the place
where children celebrated every fes-
tival together, Diwali, Eid, Christmas,
Pongal, Bihu, not as separate holi-
days, but as shared joys? What if chil-
dren learned, not through lectures, but
through stories, songs, and food, that
India’s strength is not in its sameness,
but in its vast, beautiful, bewildering
diversity? What if they learned that
being different was not a threat, but a
gift?

There is a quiet revolution happening
in India today, but it is not on the news

and it is not in the streets. It is in the
hearts of children who are learning

that their feelings matter. We never
spoke about emotions in my classroom.
We were told to be strong, to not cry, to
not complain. But now I think, what if

we had learned that fear and sadness
are not weaknesses? What if asking for

help is not shameful? What if listening
to a friend in pain is one of the bravest
things a person can do? A generation
that learns to care for its own heart and

the hearts of others will not grow up to
be a nation of strangers. It will grow up
to be a nation of healers.

I have come to believe that educa-

tion is not a ladder. It is a circle. A
child learns something in a small vil-

lage classroom. She takes it home and

teaches her mother about clean water.
Her mother tells her neighbor. The

neighbor tells her family. The family
influences the community. And the
community, slowly, quietly, invisibly,
begins to change. That child grows up.
Maybe she becomes a doctor, maybe a
teacher, maybe an environmental sci-
entist, maybe a mother. But whatever
she becomes, she carries that seed with
her and plants it again somewhere new.
That is how nations are built. Not by
grand speeches or towering buildings,
but by millions of small acts of learn-
ing, sharing, and caring.

I imagine an India where every class-

room is a window, not a wall. Where

children learn not to fear examina-
tions, but to love questions. Where a

child from a small village dreams of
becoming a scientist, not because she
read about one, but because she exper-

imented with her own hands and dis-
covered the joy of why. Where a boy

from a crowded city learns to plant a
tree and grows up to protect a forest.
Where every child knows that her feel-
ings are valid, her voice matters, and

her future is not limited to a few nar-
row paths. That is the India I imagine.

Not perfect, not finished, but possible.

Today, when I close my eyes, I still hear
that morning bell. But it no longer calls
me to a_classroom of wooden benches
and chalk dust. 1t calls me to a vision, a
vision of millions of children, sitting in
millions of classrooms across this vast
country, discovering not just subjects,
but themselves. And I smile, because
I know that those children will grow
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up to be the architects of a new In- days, they will remember not just what
dia, an India that is healthier, wiser, they were taught, but who they be-
kinder, and more united. And one day, came. The classroom I remember is
when they look back at their school small. The IndiaIimagine is boundless.
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Why Is Walking Easier Than Pointing?

Based on John Toner’s Les Houches Lectures

Subhransu Sekhar Mishra
Predoc-2022 batch e Theoretical Soft Matter Physics

Imagine a million people standing
in a huge open field covered by thick
fog. Imagine a million people standing
in a huge open field covered by thick
fog. Now give everyone a simple in-
struction:

“Point in the same direction.”

It sounds easy. Each person can look
at their neighbors, see where they are
pointing, and adjust their own direc-
tion accordingly. The actual direction
does not matter, what matters is that
everyone agrees on the same direction
at a given time. Can everyone point in
the same direction ?

There is a problem.

Suppose the first person points in
a particular direction. Their neigh-
bor copies this direction, but suppose,
makes a tiny error. The next person
copies that direction and makes an-
other small error. Then the next one
does the same.

No individual has made a serious error.
Everyone is doing their best to follow
the people around them.

And yet, after going far enough across
the field, these tiny errors accumulate.

People at one end of the field may
be pointing north-east, while people
thousands of metres away may be
pointing south-west.

In other words,

Local agreement does not nec-
essarily produce global agree-

ment.

Now change just one word in the in-
struction. Instead of

“Point in the same direction,”
say
“Walk in the same direction.”

Something remarkable can happen.
The people can now form a coher-
ent moving crowd: despite the in-
evitable small errors and fluctuations,
the group can move collectively in one
direction. This is the surprising phe-

nomenon behind John Toner’s famous
question:

Why is walking easier than
pointing? [1]

What Happened? Pointing Seems Almost
The Same As Walking!

At first, this may sound like a trick. Af-
ter all, if everyone is walking north,
aren’t they simply pointing north
while moving? The crucial difference
is that, when people walk, their posi-
tion changes.

Suppose everyone is initially walking
in the same direction, and one person

makes a small directional error. This
person does not remain surrounded

by the same neighbors. As the crowd
moves, they encounter new neighbors,
and because each person tends to align
their motion with their local neigh-
borhood, these local alignment inter-
actions continually redistribute and
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smooth out directional fluctuations.
The disturbance is carried along by the

motion instead of simply accumulating
in one place.

Motion continually mixes the system.
Pointing does not.

If everyone simply stands still, a small

difference in orientation has no mech-
anism for being swept away by the mo-

tion of the group. Local errors can ac-
cumulate over large distances.

This distinction - static alignment versus
moving alignment - is at the heart of a
major result in the physics of collec-
tive behavior.

The Role of Dimensions:

The question that we ask,

What happens if everyone sim-
ply stands still and tries to point
in the same direction?

is actually an incomplete one. Because
the answer depends strongly on the
number of spatial dimensions. The rea-
son is that random fluctuations in peo-
ple’s directions become more or less
important depending on the dimen-
sionality of the space. To see this, let
us consider one, two, and three dimen-
sions separately.

One dimension - fluctuations have nowhere
to go:

Imagine a long line of people, with each
person trying to point (not walk) in the
same direction as their neighbors:

- = = = = =

Now suppose one person makes a small
error and turns slightly:

- = =5 = —

That small disturbance can influence
the people next to them, which in turn

influence the next people, and so on.

The important point is that the system
has only one spatial direction in which
these disturbances can spread. There is
no surrounding region that can provide
an independent source of alignment.

As we look farther and farther along
the line, small fluctuations accumulate.
Even though each individual makes
only a tiny error, the collective effect
becomes increasingly important.

Thus, in one dimension, maintaining a
common direction is particularly diffi-
cult.

Two dimensions - more neighbors, but still
not enough:

Now place the people on a flat surface:

23333

Now each person has neighbors not
only to the left and right, but also in
other directions. One might there-
fore expect the additional neighbors to
make global alignment easy.

They certainly help, but something re-
markable still happens.

The fluctuations can occur over in-
creasingly large length scales. Instead

of the direction changing abruptly
from one person to the next, imagine
that it slowly bends across the system:

- = 7 /1

Locally, the people are still pointing

almost in the same direction as their
neighbors. If we look at a small region,

the system may appear highly ordered.

But if we keep zooming out, these small
deviations can accumulate into a large
change in direction.

There can be fluctuations on every
scale: small fluctuations involving a
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few people, larger fluctuations involv-
ing hundreds of people, and still larger
fluctuations involving enormous re-
gions of the system.

In two dimensions, the combined ef-
fect of these long-wavelength fluctua-
tions is strong enough to destroy con-
ventional long-range orientational or-

der in an equilibrium system at finite
temperature.

This is one of the central results cap-
tured by the Mermin - Wagner - Hohen-
berg theorem.

Three dimensions - fluctuations become
less dangerous:

Now imagine that the people fill a
three-dimensional volume. A person
is no longer surrounded merely by
neighbors on a surface. There are
neighbors in every direction around
them. More importantly, the effect
of long-wavelength fluctuations be-
comes weaker as the dimensionality in-
creases.

Fluctuations are still present. People
can still point slightly differently from
one another, and the direction can still
vary from place to place.

But in three dimensions, these fluc-
tuations do not accumulate strongly
enough at large distances to destroy
the overall order.

A three-dimensional equilibrium sys-
tem with a continuous symmetry can
therefore develop a common macro-
scopic direction:

533 33

The important lesson is therefore not
simply that three dimensions have
“more neighbors.”

The deeper point is that the impor-
tance of long-wavelength fluctuations

depends on dimensionality. In one
and two dimensions, these fluctuations
are sufficiently strong to destroy con-
ventional long-range orientational or-
der in equilibrium systems with short-
range interactions. In three dimen-
sions, their effect remains finite, allow-
ing long-range order to survive.

This gives us the basic picture:

In one and two dimensions,
fluctuations are strong enough
to destroy conventional long-
range alignment in equilibrium
systems; in three dimensions,
they are not.

And this is precisely what makes the
walking problem so interesting.

If stationary people cannot maintain
long-range alignment in two dimen-
sions, how can a flock of birds, a school
of fish, or a collection of self-propelled
particles move coherently across a two-
dimensional world?

The answer is that walking introduces
something pointing does not have:

motion itself.

The particles are no longer merely car-
rying an orientation. They are mov-
ing through space, carrying their col-

lective motion with them. To under-
stand this more clearly let us look at the

theorem behind this.
The Theorem Behind The Story:

We can now state the result that lies at
the heart of the pointing problem. The

Mermin - Wagner - Hohenberg theo-
rem [2] states that :

A system in thermal equilib-
rium at finite temperature,
with sufficiently short-ranged
interactions, cannot sponta-
neously break a continuous
symmetry in one or two spatial
dimensions.
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In simpler language, consider a two-
dimensional system whose rules do not
prefer any particular direction. For ex-
ample, imagine a collection of tiny ar-
rows that interact only with nearby ar-
rows and tend to align with them. If
the system is in thermal equilibrium,

random fluctuations become increas-
ingly important on larger and larger

length scales. As a result, the system
cannot maintain a single common di-
rection throughout an arbitrarily large
region.

This is why our imaginary crowd of
people who are merely pointing can-
not maintain perfect long-range align-
ment in two dimensions, provided the
situation satisfies the assumptions of
the theorem.

At this point, however, a natural ques-
tion arises.

Birds can fly collectively in
one direction which also means
they are pointing in one direc-
tion, but that happens maybe
because they are in three di-

mensions or is there some-
thing else? But then again,

what about, bacteria, or artifi-
cial particles moving on a two-
dimensional surface? How can
they collectively move in one di-
rection (and hence point in one
direction). And what about a
crowd of people walking on a
flat ground? Why don't they
contradict the theorem?

The answer is that the theorem applies
to systems in thermal equilibrium.

A flock of birds, a school of fish, a
group of bacteria, or a collection of self-
propelled particles is not an equilib-
rium system.

Equilibrium versus non-equilibrium:

To understand the difference, imag-

ine abox containing ordinary particles.
At equilibrium, the particles are con-
stantly moving because of thermal mo-
tion, but there is no continuous supply
of energy driving the system in a par-
ticular way. Energy is exchanged be-
tween the particles and their surround-
ings, and after sufficient time the sys-

tem settles into a statistical state de-
scribed by equilibrium thermodynam-
ics.

~ Now consider a bacterium, It con-
tinuously consumes chemical energy

and converts that energy into motion.
A bird uses energy from its metabolism
to flap its wings. A person uses chemi-
cal energy stored in their body to walk.
A self-propelled particle may use an
internal or external energy source to
move through its environment.

These systems therefore require a con-
tinual input of energy to maintain their
motion. They are non-equilibrium
systems. This distinction is crucial
because the Mermin - Wagner - Ho-
henberg theorem does not forbid long-
range order in an arbitrary system. It
makes a statement about a particular
class of systems: equilibrium systems
with continuous symmetry and suffi-
ciently short-ranged interactions. A
moving flock falls outside this class.
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Why walking escapes the theorem:

Return once more to our two-
dimensional crowd. When everyone
is simply pointing, their positions do
not systematically change because of

their orientation. A fluctuation in di-
rection can therefore spread through

the stationary system, and the long-
wavelength fluctuations discussed ear-
lier eventually destroy conventional
long-range order.

When everyone is walking, however,
the situation is fundamentally differ-
ent. The particles are continuously
moving through space. Their velocity
is therefore not merely an orientation;
it also determines how they move from
one region to another.

Suppose a small group develops a
slightly different direction of motion.
As the particles move, they encounter
new neighbors. The local alignment
interactions act on these new neigh-
bors, while the motion simultaneously

transports the disturbance through the
system.

In other words, the system has ac-
quired a new mechanism that does not
exist for stationary pointers:

the order itself is being trans-
ported by the motion.

This transport, or advection, changes
the way fluctuations behave on large
scales.

Thus, the collective motion of a flock is
not obtained simply by taking an equi-
librium system of arrows and making
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Through the Corridors of Time:
Messages from IOP members
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Thereis something strange about watching alumni walk back through these
gates. They pause at the main gate a little longer than we do, glance at emails
like they are expecting familiar names and/or mes-
sages, and smile at things we have stopped behold-
ing before: the broken and alive spaces near the li-
brary, fields, hostels, laboratories, the sitting places
in offices, and the voices tunneled through the cor-
ridors. For us, this campus bears the everyday ac-
tivities, i.e., the deadlines, lab sessions, half-finished
assignments, the version of life we are too close to
see clearly yet. For them, it is a memory they have
toted with them, one that apparently grows fonder
with distance. What Alumni Day subtly teaches us
is that the ordinary, exhausting, in-progress life we
are living right now is someone else’s nostalgia in
the making. It is the proof that this phase, whatever
frame it is currently in, eventually settles into something worth returning to.
Perhaps that is the real lesson to cherish these days now, instead of solely ap-
preciating them in hindsight. Every institution dreams of this moment, when
the students it once clasped close return, in the end, as the individuals it lent a
hand in becoming.

Digbijaya Palai

Predoc-2019 batch e Experimental Condensed Matter Physics
PhD Student,

Institute of Physics.

Itisa great pleasure and privilege to be part of the Alumni Day celebrations
of the Institute of Physics, Bhubaneswar, an institution that has been an integral
part of my journey as a researcher in nuclear
astrophysics.

My association with IOP began as a young re-
searcher, where the stimulating academic envi-
ronment, inspiring mentors, and vibrant scientific
interactions helped shape my interests in nuclear
physics and nuclear astrophysics. The Institute
gave me the freedom to explore challenging scien-
tific questions and provided a strong foundation
for my research career. Today, being associated
with the same Institute as a faculty member is both
an honor and a deeply fulfilling experience. The
journey from an alumnus to a faculty member has
given me the unique opportunity to contribute to
’h}llg same scientific environment that once nurtured

For me, IOP is more than an institution, it is a place of learning, discovery, mem-
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ories, and lasting scientific relationships. I am grateful to all my teachers, men-
tors, colleagues, and friends who have been part of this journey. On this special
occasion, I extend my warm wishes to all IOP alumni. May our continued asso-
ciation strengthen the I0P family, foster new collaborations, and inspire future
generations of scientists.

Once an IOPian, always an IOPian!

Dr. Mrutunjaya Bhuyan
Year of joining - 2025 e Theoretical Nuclear Physics

Assistant Professor (E),
Institute of Physics.

My association with the Institute of Physics (IOP), Bhubaneswar, has played
an important role in shaping the way I look at science. I0P taught me that good
research is not only about obtaining a result; it is about asking the right ques-
tion, understanding the physics behind an observation, and communicating it
clearly. After my doctoral training at IOP, my research journey took me through
laboratories in South Korea, the United States, and now back to India. During
this journey, I have continued working on perovskite materials and solar cells,
an area that has changed extraordinarily fast. What began as an emerging pho-
tovoltaic concept has developed into high-efficiency tandem devices, large-area
modules, and early commercial deployment. It is exciting to see fundamental
materials physics gradually moving toward technologies that may contribute
to clean energy, sustainable buildings, agriculture, and even space power.As an
alumnus, I remain grateful for the scientific foundation, discipline, and curiosity
that I developed at I0OP. I hope young researchers will remain open to interdis-
ciplinary problems and will not be afraid to move between fundamental science
and real-world applications. India needs both: deep scientific understanding
and the confidence to translate that understanding into useful technology.

Dr. Pronoy nandj,
Predoc-2013 batch e Experimental Condensed Matter Physics

Ramanujan Faculty,
Dept of Physics, IIT Roorkee.
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Life at the Institute of Physics, Bhubaneswar, has been a wonderful blend of
research, learning, fun, and countless memorable
moments. The institute has provided me with a
great environment to learn and interact with peo-
ple from diverse backgrounds. The discussions,
seminars, and everyday interactions with fellow re-
searchers have enriched my research journey and
helped me grow along the way. Beyond academics,
the institute community has fostered meaningful
friendships and created many memorable experi-
ences. Overall, my time at the Institute of Physics
has been a truly enjoyable and memorable part of
my journey.

Pujalin Biswal,
Predoc-2022 batch e Experimental Condensed Matter Physics

PhD Student,
Institute of Physics.

The days I spent at IOP were among the most beautiful days of my life, and I
always feel nostalgic whenever I think about them. My learning curve changed
tremendously during that period through my interactions with so many great
scientists. Each individual is unique in their own way, but what I found most
common among all of them was their immense enthusiasm and passion for sci-
ence. [ will always remain indebted to my supervisor, from whom I learned not
only physics but also the values of life, socialism, and the importance of being
a good human being. I am also fortunate to have met my sweetheart at this in-
stitution, who has always stood by me through both happiness and sadness. I
deeply miss the long-night conversations with my friends and the endless dis-
cussions on physics with my research group over cups of tea. These memories
will always remain close to my heart and will continue to be a cherished part of
my life.

Dr. Ranjita K Mohapatra,

Predoc-2005 batch e Theoretical High Energy Physics
Asst. Professor, Dept. of Physics,
Rajdhani College, Bhubaneswar.

Looking back, my journey at the IOPB feels like much more than the years I
spent studying physics. It was a period of growing up, learning to deal with un-
certainty, finding confidence in myself, and slowly understanding what [ wanted
from life. I remember the long discussions with friends, quiet moments around
the campus, shared worries before deadlines, small celebrations, and the simple
routines that once seemed ordinary but now feel deeply precious. The Institute
gave me more than academic training. It gave me friendships, memories, re-
silience, and a sense of belonging that I still carry with me. Since leaving, my
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journey has taken me to new places and experiences, but whenever I think of
those years, I feel a special warmth. Some places become part of who we are,
and for me, the IOPB will always be one of those places.

Dr. Rojalin Padhan,
Predoc-2017 batch e Theoretical High Energy Physics

Postdoc,
Dept. of Physics, Chung-Ang University, Seoul, South Korea.

My journey at IOP has been much more than a PhD in theoretical condensed
matter physics. Over the years, this place has be-
come a part of my life - a place where I have grown
as a researcher and, more importantly, as a person.
Life at IOP has brought its share of struggles, frustra-
tions, long calculations and unanswered questions,
but it has also given me some of my most memo-
rable experiences. Conversations with seniors, ju-
niors and friends have ranged from serious scien-
tific discussions to completely informal conversa-
tions about life, plans, failures, dreams and every-
thing in between. These interactions have made the
journey richer in ways that go beyond research.
After office hours, when almost everyone has left, IOP takes on a different char-
acter. Sitting alone in my office, with the institute quiet around me, brings a
sense of peace that is truly its own. At that hour, it feels like my little kingdom -
just me, my work, my thoughts and a wonderful sense of freedom. The memories
are not limited to physics. Those one or two hours spent playing badminton or
volleyball, despite the not-so-perfect courts, somehow make the institute come
alive in a completely different way. The games, laughter, arguments, and con-
versations that follow are moments I know I will deeply miss. As I approach the
end of my PhD, I realize that I will miss much more than the research. I will miss
the people, the conversations, the late nights, the games, the silence and even
the everyday chaos. Among all the fluctuations and uncertainties at IOP, I somehow
found my collapsed ground state: sitting peacefully in my office chair at night.

Sayak Bhowmik,
Predoc-2022 batch e Theoretical Condensed Matter Physics

PhD Student,
Institute of Physics.
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My 25 years at IoP - A journey full with privilege: I joined the Institute on
22/08/2001 as a Faculty member. Since then I have
had the privilege and honour to serve this great
Institute of international per excellence. This was
strongly footed on the research carried out by our
champion scholars and postdoctoral fellows. Our In-
stitute has always been running with a critical fac-
ulty strength and thus, our success story has been
scripted mostly by our young researchers and fac-
ulty members with the help of a large number of
frontline research facilities, national and interna-
tional collaborations, the academic liberty, and our
strong interpersonal relationship. It gives me an im-
mense pleasure to celebrate the Alumni Day on 3rd
September, 2026. I look forward to a great success of
the Alumni Day programme planned by our scholars, postdocs, and the Direc-
tor.
Prof. Tapobrata Som,
Year of joining - 2001 e Experimental Condensed Matter Physics
Institute of Physics.
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Here’s to the ones that we got
Cheers to the “wish you were here, but you’re not”
‘Cause the drinks bring back all the memories
Of everything we’ve been through
Toast to the ones here today
Toast to the ones that we lost on the way
‘Cause the drinks bring back all the memories

And the memories bring back, memories bring back you

- Maroon 5
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Dr. Abhishek Roy,
Postdoc, Soganag University & CQUeST, Seoul, South Korea.
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Memory Lane

Dr. Arnob Kumar Ghosh,
Postdoc, Uppsala University, Sweden.
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Memory Lane
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Ohidul Alam,
PhD student, Institute of Physics.
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Dr. Paramita Maiti,
Senior Technical Superintendent, Indian Institute of Technology Hyderabad.
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Dr. Rojalin Padhan,

Postdoc,
Dept. of Physics, Chung-Ang University, Seoul, South Korea.
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Sheikh Moonsun Pervez,
PhD Student, Institute of Physics.
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