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The Nobel prize in Physics for the year 2018 has been recently 

announced. It is awarded to Prof. Mourou and Prof. Strickland 

for developing a “method for generating high intensity ultra-

short optical pulses” and to Prof.  Ashkin for his development 

related to “the optical tweezers as applied to biological 

research”. We have two articles in this issue capturing the 

importance of these pioneering discoveries. As a tribute to the 

lasting contributions made by late Prof. E. C. George Sudarshan, a distinguished 

theoretical physicist who passed away recently, we have two brief summaries: 

“Comprehensive Theory of Light” and “Theory of Open Quantum Systems”. 

Incidentally, one of the authors Prof. Yajnik, was a former student of Prof. 

Sudarshan. We also have a write-up on one of the frontier areas of bioscience 

research on the structure and function relationship of biomolecules– Biophysical 

studies of complex biomolecules.  
thTo commemorate the 125  birth year of Prof. S. N. Bose, we plan to bring out  next 

issue as a special thematic issue on Bose and his science. We welcome 

suggestions/feedback from the IPA members and the same may be sent to 

ipapn18@gmail.com.

We wish a very happy and prosperous new year to all our readers.

S. Kailas

On behalf of the editorial team of Physics news
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As we know, the Nobel Prize in physics for the year 2018 was awarded to the path breaking 

inventors in the field of Optics & Laser physics, namely Arthur Ashkin for his work on 

optical tweezers, as well as Gérard Mourou and Donna Strickland for their work on 

generation of ultra short optical pulses. The current issue of PHYSICS NEWS includes 

excellent articles on these topics. Since the marvelous discovery of gradient forces acting 

on micron sized particles by scattering light by Arthur Ashkin, the technique has found 

wide practical applications in areas such as micro-manipulation, molecular motor 

mechanics, biophysics, cell biology, etc, involving nano-manipulation experiments with 

trapped particles by laser beams.  Similarly, the optical technique invented by Mourou and 

Strickland called chirped pulse amplification (CPA) has led to the practical ultra short laser pulse generation with a very 

wide range of commercial applications.

The articles “Comprehensive Theory of Light” and “Theory of Open Quantum Systems”, brings out fundamental 

contributions of late Prof. E. C. G. Sudarshan. I am sure that these articles along with the article on Biophysics of 

Complex Biological Molecules present in this issue will make admirable reading and reference materials to our 

members, especially so, to the young research scholars in physics and the student community. 

As a tribute to the late Prof. E. C. G. Sudarshan, whose recent demise was sad news to the physics community, IPA had 

organised a DAE-C.V. Raman lecture delivered by Prof. N. Mukunda, who was a student and a close associate of late 

thProf. Sudarshan. This event was held at IISER, Bhopal on 14  November 2018.

I wish all the IPA members a very happy and prosperous new year 2019.  Let us look forward to many new exciting 

discoveries in physics in the New Year!
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From the President's Desk

Dr. A. K. Mohanty



G. Ravindra Kumar obtained his Ph.D. in 1990 from IIT Kanpur. He has been at TIFR 
since 1992 and is presently a Senior Professor in the Department of Nuclear and 
Atomic Physics. His areas of interest are experimental studies of high intensity laser 
pulse interaction with matter, creation and understanding of extreme states of 
matter and nonlinear optics. His recent work has focused on ultrafast dynamics of 
high density plasmas with special reference to relativistic electron transport in dense 
matter, giant magnetic fields and electromagnetic instabilities. Among the honours 
he has received are the S. S. Bhatnagar Prize (2003) and Infosys Prize in Physical 
Sciences (2015). Details of his work can be accessed at www.tifr.res.in/~uphill 
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Nobel Prize in Physics 2018

“Pulsed light powers its way to the Nobel”
G. Ravindra Kumar

Tata Institute of Fundamental Research, 1 Homi Bhabha Road, Colaba, Mumbai - 400 005.

(grk@tifr.res.in)

Introduction :

The 2018 Nobel Prize in physics honours three pioneers who 

used and shaped light in a revolutionary manner, enabling 

widespread application of lasers at two extreme ends of 

simple, low power, continuous lasers at one and extremely 

high power, ultrashort pulsed lasers at the other. For more 

details and highly readable accounts of the research being 

recognized please see https://www.nobelprize.org/physics-

2018-nobel-prize lessons/

The Nobel Foundation awarded one half of the prize to 

Arthur Ashkin "for the optical tweezers and their 

application to biological systems" and the other jointly to 

Gérard Mourou and Donna Strickland "for their method 

of generating high-intensity, ultra-short optical pulses". 

This article seeks to summarize the pioneering efforts of 

Gerard Mourou and Donna Strickland in pushing light to 

extremely high powers and intensities. (Readers may also 

look at an article on the Physics Nobel Prize in Current 

Science, 25 Nov 2018). 

Extreme Light :

The laser was born in 1960 [1] and pulsed laser beams were 

soon invented and rapid strides made to boost ‘peak’ 

power. Peak power can be understood as follows: As all of 

us know, an energy of 1 joule emitted in one second

amounts to a power of one watt. If the same energy is 

emitted in a billionth of a second (a nanosecond), the peak 

power (energy/duration of  emission)  would 

correspondingly get boosted to a billion watt (gigawatt). 

One can increase the energy by putting more and more 

amplifiers. From the mid-sixties to the mid-eighties, the 

pulses shrank in duration to picosecond and femtosecond 

but the peak power in most laser systems remained 

restricted to the gigawatt level, with the emission duration 

being nanosecond. The reason for this is very simple. As 

the pulse energy is amplified and the peak power 

increases, the material in the light amplifier and the 

optical components in the laser experience nonlinear 

effects and cannot survive the high intensity, resulting in 

damage [2]. In the eighties a few systems did reach peak 

powers on the terawatt scale in the nanosecond pulse 

regime with large energy (kilojoules) but they were 

designed with large beam sizes (to minimize power per 

unit area (or) the intensity on the optical elements) and 

were gigantic in size.

Concurrent with these developments the phase and 

frequency changes that femtosecond and picosecond 

pulses undergo on propagation, were widely investigated 

and laser physicists became more and more capable of 

manipulating these pulses to find out the smallest 



duration to which they could be shrunk [3]. By 1987, 

pulses as short as 6 femtosecond (a femtosecond is a 

millionth of a billionth of a second!) were produced [4]. In 

addition, the nonlinear optics, i.e. the change of material 

properties (refractive index, and refractive index) as a 

function of light peak power, were widely researched and 

many resultant phenomena observed and modeled.

To see the importance of the breakthrough made by 

Mourou and Strickland [5,6], let us look a little more at the 

high peak power (high intensity) regime. The peak power 

is boosted by successive amplification of laser pulses in a 

set of light amplifiers. As peak powers go up, the larger 

electric fields in the light wave give rise to nonlinear 

processes. The refractive index of a medium gets modified 

by the light and a focusing ‘nonlinear’ lens can be formed 

by the gaussian transverse spatial profile of the 

propagating laser beam (a process known as self-focusing 

[2]) inside the amplifiers, leading to such a large intensity 

that the amplifying medium or other optical components 

in the path of the laser beam break down. The shorter the 

pulse, the higher its peak power. Ultrashort pulses 

therefore, can barely be amplified before they reach the 

power that can be damaging.

Strickland and Mourou took an ‘inverse’ approach, which 

looks simple in hindsight – (a) Take an ultrashort pulse, 

spoil (increase) its time duration by a large amount (i.e. 

reduce its peak power) (b) Boost the energy of lower peak 

power and (c) compress the amplified pulse back to its 

original ultrashort duration. This final pulse can now have 

orders of magnitude larger energy (depending on the 

amplification factor) than at its initial stage and hence its 

peak power is boosted by the same order of magnitude.

The technique of stretching in time, amplification and 

compression is called chirped pulse amplification (CPA) – 

temporal stretching causes the pulse to `chirp’, i.e. its 

frequency evolves as a function of time within the pulse 

itself [3]. The stretching and compression is usually done 

by a pair of diffraction gratings.

This idea [7,8] was originally used in radar 

communication after World War II and was insightfully 

adopted by Mourou and Strickland to cause a second 

revolution in light generation, twenty five years after the 

laser was born. The high peak power, femtosecond 

duration light pulses are now referred to as ‘extreme light’

High Intensity Physics – a new frontier :

(Please also see ‘Exreme Light, Extreme States of Matter’, 

Physics News, January 2016)

The boost in laser intensities obtained by focusing high 

peak power pulses of terawatt (thousand billion watt) and 

petawatt (million billion watt) resulted in intensities 
22 2ranging up to 10  W/cm . This is six orders of magnitude 

larger than the intensity corresponding to the electric field 

experienced by the electron in the 1S state of the hydrogen 

atom - i.e. the electron can be driven by light field three
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orders of magnitude larger than the coulomb  field. Under 

such intense excitation, the physics is very different from 

what we normally know and deserves a much longer 

discussion. Suffice it to say that this triggered an explosion 

of activity ( Fig. 4) in high energy density science (solid 

density matter elevated to extremely high temperatures in 

an ultrashort time scale), laboratory astrophysics, shock 

studies, warm dense matter, particle (both electron and 

ion) acceleration, coherent soft and hard x-ray pulse 

generation on a table top etc. [9]. Each of these deserves a 

long exposition of its own and I had an opportunity to

describe some of these in an article I  contributed a decade 

ago [10] as well as a more recent one in this magazine itself 

(January 2016). Fig. 4 shows the high state of excitation 

caused by a high intensity CPA laser and the variety of 

signals it can elicit from a target which is highly ionized by 

the laser pulse Needless to add, the biggest stimulus for 

the spread of all the above has been the compactification 

and simplification of laser technology needed for high 

intensity pulse generation. The space and costs have 

shrunk by factors of hundred or more and the research 

area has flourished with the participation of several 

smaller laboratories around the world.

Fig. 2: Principle of chirped pulse amplification (CPA) of laser pulses, invented by Strickland and Mourou.

Fig. 3: The orange glow of the final amplifier of the 100 Terawatt, 25 femtosecond, table top CPA laser at TIFR, Mumbai. For more details visit 
www.tifr.res.in/~uphill. RRCAT Indore and BARC, Mumbai also have similar custom built CPA systems.
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Currently there are many petawatt lasers around the world 

and the community is moving towards 100 petawatt 

power! India has been using CPA based 100 terawatt (TIFR) 

and 150 terawatt (RRCAT) lasers since 2010. Presently a 

petawatt laser is being installed at RRCAT, Indore and 

another one is planned at the Hyderabad campus of TIFR. 

Gerard Mourou is an inspiring figure who champions high 

intensity physics across the globe. He first visited India in 

2009 and gave lectures at several institutions and 

interacted with Indian scientists, particularly the young. 

Fig. 5 shows him with the then members of the high 

intensity laser physics group at TIFR Mumbai.

Mourou has been recognized for CPA but he has several 

other pioneering contributions to his credit including sub 

picosecond electrical sampling, picosecond electron 

diffraction, femtosecond laser micromachining, 

femtosecond laser eye surgery, self-channeling of 

femtosecond pulses in the atmosphere etc. Each of these is 

a leap ahead its time

Some websites on intense laser field science :

I provide here addresses of some websites where you can 

get more details of the kind of research being performed in 

intense laser physics and perhaps can even access some of 

the research papers published. These have been chosen 

just to give a flavor of the field.

Ultrashort Pulse High Intensity Laser Lab (UPHILL), 

TIFR. Mumbai:

http://www.tifr.res.in/~uphill/

Rutherford Appleton Lab: https://stfc.ukri.org/about-

us/where-we-work/rutherford-appletonlaboratory/

Forschungszentrum Dresden-Rossendorf, Dresden : 

http://www.fzd.de

Laboratoire d'Optique Appliquée LOA Palaiseau : 

http://loa.ensta.fr

Ecole Polytechnique - Applied Optics Laboratory, Paris : 

http://www.polytechnique.edu

Extreme Light Infrastructure, Europe : https://eli-laser.eu/
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Nobel Prize In Physics: Optical Tweezers

R. Dasgupta
Laser Biomedical Applications Section, Raja Ramanna Center for Advanced Technology, Indore 452013, India

Homi Bhabha National Institute, Training School Complex, Anushaktinagar, Mumbai 400094, India

In the year of 1608, Johannes Kepler wrote a letter to

Galileo Galilei, in which he proposed a space sail from the

Earth to the Moon relying on sunlight itself. During his

observations of comets, Kepler noticed that the tails of

comets always point away from the Sun, which made him

think that sunlight can exert a sort of radiation pressure on

the dust particles streaming off a comet. Later, in 1744,

Euler also supported Kepler's original view. However,

Euler adopted the longitudinal wave theory of light to

explain the phenomenon. Ultimately, the correct

theoretical basis for the existence of radiation pressure

came when James Clerk Maxwell predicted the existence

of radiation pressure in 1873 as a consequence of his

unified theory of electromagnetic radiation. Now, 400

years after Kepler, time has come when the old ideas of his

about space sailing started getting revisited as mentioned

by Stephen Hawking in his proposed “Star Chip”. The

man largely responsible for making Kepler’s hypothesis of

stellar sunlight pressure gain practical relevance, by

achieving control over radiation forces, is Arthur Ashkin,

this year’s Nobel Prize winner in physics. Ashkin showed

for the first time that even in laboratories, an intense laser

beam can be used to propel and guide small particles.

Later on, he went further and showed that with a very

sharply focused laser beam, one can even trap or confine

small particles at its focus. This technique popularly

known as “Optical Tweezers” has found widespread

applications in different areas of physical and chemical

sciences and most significantly in the field of biomedical

research.

Ashkin’s interest in radiation forces started through a fun

experiment when he was at the Columbia Radiation Lab

during the Second World War. While working on a 3-cm

wavelength megawatt magnetron, he became curious if

the radiation could be useful for purposes other than

radar communication. He actually detected a push by the

strong pulsed microwave radiation produced by the

magnetron on a metallic plate type vibration receiver. The

pressure or push could also be used as an alternative

means to measure the microwave power, but such a

measurement was always easier with a calorimeter

coupled to a waterload. So he did not pursue his results

further. When Ashkin joined the Bell Labs, his interest in

light pressure was rekindled by reports of a strange

motion of small particles inside laser cavities. An order of

magnitude calculation performed by him in 1969 revealed

that if an 1 W laser beam could be focused on a perfectly

reflecting particle of size similar to the laser wavelength

(about a μm or less), a force of about 10 dynes could be-3

produced. Considering the small mass of such a particle,

this will amount to accelerating the particle at ~10 g,6

where g is the acceleration due to gravity. Ashkin realized

that, this is quite large and should be observable in the

laboratory. However, radiometric forces (which arise from



asymmetrical heating of a laser illuminated particle

causing a non-uniform motion of the molecules present in

its vicinity) often make the observation of the optical

forces difficult. Ashkin’s key insight was realizing that use

of transparent particles in a transparent medium will

avoid the radiometric forces but the particles could still be

acted upon by sufficient optical forces even when there is a

small refractive index mismatch between the particles and

their surrounding. In his first paper [1], Ashkin laid the

foundation of a whole new field of optical forces and

subsequent use of such forces for trapping and

manipulating small objects. Using a weakly focused laser

beam shining on micrometer sized transparent spheres, he

observed very large pushing forces or optical scattering

forces on the particles acted by the laser and, surprisingly,

a strong transverse force that pulled the particles into the

high-intensity axial region of the beam. The origin of the

scattering force can be understood by considering, that,

while the incident light impinges on the particle from one

direction, it is scattered in various directions resulting in a

net transfer of momentum from the laser photons to the

particle. For a small particle (Rayleigh type), that scatters

isotropically, the resulting forces cancel in all but the

forward direction. Therefore, for small particles this net

scattering force can be expressed as, where

I0 is the intensity of the laser, σ is the scattering cross

section of the particle, is the index of refraction of thenm

medium and c is the speed of light in vacuum. There is

another type of a force, the gradient force, which arises

due to the fact that a small particle, acting like a dipole,

becomes polarized under light field ( ). The magnitude ofE

this dipole moment is given by = where α is thed E,α
polarizability of the particle. As the dipole, in turn,

interacts with the incident light, its energy depends on the

laser intensity. A gradient of the light intensity, like the

transverse Gaussian profile or near the focus of a laser

beam, results in a force on the dipole in the direction of the

gradient

This gradient or dipole force on a small particle does not

change sign as the electric field oscillates back and forth

because the induced dipole and the electric field gradient

both change sign simultaneously; giving rise to a net force

whose sign depends only on the sign of the polarizability,

α. Therefore, while the gradient force of light is attractive

for particles with a higher refractive index (relative to the

medium), it becomes repulsive for particles with a lower

index of refraction.

In the same experiment Ashkin could also show that the

laser light can be used to trap or hold small particles at a

particular point in space, without any physical contact, by

using two opposing beams. In such a configuration, while

the transverse intensity gradients of the beams produce

suitable gradient force to confine a particle in the

transverse plane, the opposing scattering forces from the

counter propagating beams stabilize the particle axially

(Fig 1). In his experiments, Ashkin used micrometer sized

beads for which the Rayleigh scattering approximations

are not strictly valid. Therefore, he used a simple method

of ray optics to estimate the optical forces and the results

were in excellent agreement with experiments. In the

bottom panel of Fig 1, two representative rays, and ,p p1 2

near the edge and near the beam axis respectively, are

shown. Scattering of these rays and by the transparentp p1 2

sphere causes momentum transfer from the rays to the

sphere, shown as and , respectively. The axialΔp Δp1 2

components of the corresponding forces, resulting from

Δp Δp F1 2 scand , add and a net force ( ) acts along the

propagation direction. The transverse components of the

forces are in opposition but the net force experienced by

the sphere (F ) is towards the axis as , since liesgr Δp > Δp p2 1 2

in the high intensity axial region of the laser beam. This

extraordinary success of his experiments led Ashkin to

predict and outline in early 1970s itself, how in the future

the technique would be applied to various fundamental

and applied science research ranging from atom trapping

to biology!

During the next decade or so, many experiments followed

and optical manipulation in its current form was

pioneered by Ashkin at Bell Labs. In that period, several
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new methods for manipulating small particles by laser

were developed by Ashkin. Instead of a horizontal

configuration, directing a single weakly focusing laser

beam upward so that the radiation pressure balances the

gravitational force on the particle, “optical levitation” was

demonstrated [2]. Using particle position feedback in the

optical levitation trap and correspondingly controlling the

levitating laser beam power, the particles could be trapped

at any desired axial point. The optical levitation trap was

therefore the first single beam trap developed but the

trapping mechanism required a balancing gravitational

force as well.

The major breakthrough in the field of optical

manipulation came in 1986, when Ashkin and his

colleagues, working at Bell Labs, demonstrated a new way

to trap particles by making use of a single laser beam [3].

They demonstrated that by focusing a laser through a

high-numerical-aperture microscope objective (all the

earlier radiation pressure work was based on low-

numerical-aperture lenses), a particle could be trapped

three dimensionally in space using only optical gradient

forces. The strong three dimensional intensity gradient

near the focus of such a tightly focused laser beam could

be shown to produce sufficient gradient forces produced

by light that can confine or trap small particles. The new

method was named “Optical Tweezers”. A simple

explanation of the action of Optical Tweezers is possible

using ray optics analysis (Fig. 2). Considering paths of two

constituent rays in the trapping laser beam, for any

arbitrary displacement of the spherical particle from the

trap centre, we can see that the net force resulting from the

momentum transfers always points towards the centre.

Summing up of the contribution from all the constituent

rays gives an approximate value for the trapping forces.

The accurate estimation of trapping forces for micron

sized particles necessarily requires the use of Mie

scattering theory generalized for focusing light beam

geometry, but the problem can only be solved numerically.

The initial experiments and numerous experiments that

followed since the first demonstration have shown that

the technique is able to trap particles starting from the size

of ~ 20 nm to about tens of μm. In their paper, the authors

mentioned how they felt their tool would be used: “This

also opens a new size regime to optical trapping

encompassing macromolecules, colloids, small aerosols,

and possibly biological particles.” This proved to be a very

accurate description of what Optical Tweezers are

currently being used for. In fact, very shortly after the first

demonstration, Optical Tweezers could be combined with

Doppler cooling technique (optical molasses) to

demonstrate the first stable three-dimensional trapping of

atoms marking the beginning of a new era of experimental

atomic physics and resulting in the Physics Nobel Prize in

1997 for Steven Chu.

After the initial demonstration, there was doubt over

whether Ashkin’s Optical Tweezers could trap biological

samples as no work was done on biological samples using

radiation pressure. However, this was soon shown to be

possible by Ashkin who could trap both viruses and

bacteria using a green laser [4]. But the disadvantage of

using green laser was, although the biological objects

could be trapped, these got quickly damaged due to

increased absorption of visible light. Thereafter, a safer

form of trapping was demonstrated by Ashkin and

colleagues in late 1987, using a near infrared laser, which

eliminated the damage on the cells due to minimum

absorption of near infrared light (0.7 – 1.6 μm) by

biological materials [5]. The use of infrared light is of key

importance in bioscience experiments and nearly all

applications of Optical Tweezers in the biology regime

make use of such wavelengths. The development of

Optical Tweezers was rapid afterwards as the research

community soon realized the wide range of applications

that the technique is capable of. The success of Optical

Tweezers in biophysics and bioscience research is

correctly reflected in the 2018 Nobel Prize citation: “For

the optical tweezers and their application to biological

systems".

Optical Tweezers offers several advantages when used in

bioscience experiments. It is gentle and absolutely sterile

Fig. 2: Principles of Optical Tweezers. Any lateral (left) or axial (right)
displacement of the particle from the beam focus results in an
opposing restoring force as can be seen from the changes in
momentum of the constituent rays in the light beam.
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as objects are trapped without direct contact. Further,

forces exerted on trapped objects are in the piconewton

(pN) range, which is particularly suitable for studying

biological systems. Another very useful feature is that for

small displacements of trapped particles from the center

of the trap (Δx), Optical Tweezers act like a Hookeian

spring characterized by a fixed stiffness (k), and the

restoring or the trapping force is proportional to the

displacement, F = - kΔx. Therefore, in combination with

high-resolution (typically ~ nanometer) position detection

facility to measure the displacements of trapped particles,

Optical Tweezers can be used as a precise force transducer

to make quantitative measurements of pN scale forces. An

early application of Optical Tweezers in biology involved

this force measurement capability for studying the

torsional compliance of bacterial flagella by twisting these

about a tethered flagellum. Later on, many of the

remarkable applications of Optical Tweezers have used

the force measurement technique, for example, in the

study of molecular motors. The molecular motors are an

important class of biomolecules that can convert chemical

energy to mechanical actions to perform important

functions like muscle contraction, cell division, vesicle

trafficking, RNA transcription and protein synthesis,

DNA replications etc. The movement of a single motor

molecule (kinesin) when bound to a polystyrene

microsphere (handle) and placed close to its microtubule

track, could be traced with Optical Tweezers as when the

kinesin and microtubule track interacted, the bead was

pulled along by the kinesin and the nanometer (nm) scale

displacements and pN forces produced could be

measured (Fig. 3). It could be seen for the first time using

Optical Tweezers that instead of a smooth motion, the

motors move in a stepwise fashion with each step size of ~

8 nm [6]. In 1990, Ashkin and colleagues used Optical

Tweezers to estimate the forces by another molecular

motor (dynein) attached to mitochondria as it moved

along microtubule tracks in living giant amoeba cells [7].

The force generated by a single dynein motor was

estimated by Ashkin and colleagues to be ~ 2.6 pN.

Another exciting field of application of Optical Tweezers

has been the study of nucleic acid macromolecules, the

much well known DNA and RNA. Using the handle

technique, the interaction force between a single RNA

polymerase enzyme and a DNA molecule, while

synthesizing a RNA transcript, could be measured. Use of

Optical Tweezers has made it possible to study the force

dynamics of the stretching of double-stranded DNA, a

very important phenomenon for the DNA functioning,

and it was found that, at 70 pN, a reversible transition to a

single-stranded, unraveled form of DNAcan occur [8].

The early work of Ashkin also showed the ability of

Optical Tweezers to probe the mechanics of red blood cells

[5]. Later on, Optical Tweezers have been used to measure

the elastic properties of single isolated red blood cell by

optically changing its shape and simultaneously

measuring the required forces. The technique had been

subsequently proved to be much valuable for

understanding the functioning of red cells and for

diagnosis of diseases. Scientists have also combined the

Optical Tweezers with other techniques to achieve new

experimental goals. Combination of Optical Tweezers

with ‘‘microbeam’’ or ‘‘laser scalpel’’ could be used for

cutting and manipulating pieces of chromosomes for gene

isolation [9]. Simultaneous application of Optical

Tweezers and spectroscopic techniques, like fluorescence

and Raman spectroscopy, has now become a rapidly

developing field for understanding biology at the most

fundamental level.

During the last three decades, Optical Tweezers have seen

many significant evolutions. With the use of diffractive

optical elements such as spatial light modulators, using

special laser beams like Laguerre-Gaussian beams or

Bessel beams has become fairly commonplace and led to

many sophisticated applications not feasible with a

conventional laser. Holographic Optical Tweezers, that

use computer generated holograms to project hundreds of

simultaneous optical traps out of a single laser beam, are

being used for never thought before applications, like

optical cell sorting and micro-tissue fabrications. Since

Fig. 3: Tracking the motion of single kinesin motor with Optical
Tweezers.
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Ashkin invented his tweezers in the Bell labs, the journey

has been no less than fascinating, as the Nobel Prize

committee writes “Arthur Ashkin never ceases to be

amazed over the development of his optical tweezers, a

science fiction that is now our reality”. However, till date

many possible applications of Optical Tweezers are still in

their infancy. In particular, medical applications that may

use Optical Tweezers for rapid diagnose of diseases are

grossly unexplored. Apart from biological applications,

the use of ultrasensitive optical force can become useful

for gravitational detectors and precise measurements of

different fundamental constants. While the primary

human notion about light is about formation of images,

the works of eminent scientists like Kepler, Maxwell and

Ashkin have shown that light can actually offer physical

actions as well. It will be interesting to see how the forces

of light will influence the future of modern science, from

fundamental cell biology to possibly a faster means of

space travel.
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The comprehensive theory of light
Urjit A. Yajnik

Indian Institute of Technology Bombay

 A Persistent Dichotomy :
Modern attempts to understand light go back to Newton 

who considered light to be particles, the so called 

corpuscular theory, and the other school of Young, 

Huyghens and others. Young and Huyghens viewpoint 

emphasised the wave property. This difference of 

opinions persisted for close to two centuries till Maxwell 

theory solidly established light as a wave phenomenon 

associated with Electromagnetism. The invention of 

transmitters and receivers of electromagnetic waves to 

which J. C. Bose made ingenious contributions establised 

electromagnetic waves on a firm footing.

A serious schism so to speak was introduced into theory of 

light with the understanding of “Light gas”, the so called 

Black Body radiation. Planck could develop a theory for 

the spectral distribution of cavity radiation only by 

associating quantum properties to the processes of 

absorption and emission of light by the oscillators in the 

walls of the cavity. It was young Einstein a few years later 

who could see clearly what was going on. The quantum 

property was not a peculiarity of the oscillators. It was a 

fundamental property of light itself. He went on to 

formulate this atomistic hypothesis about light quantum 

as :

“According to the assumption considered

here, in the propagation of a light ray 

emitted from a point source, the energy is 

not distributed continuously over ever 

increasing volumes of space, but consists 

of finite number of energy quanta 

localised at points of space that move 

without dividing, and can be absorbed 

and generated only as complete units .”

Einstein's hypothesis helped him to deduce the equation 

of the photoelectric effect. But his viewpoint took close to 

two decades to be accepted. And this happened only after 

S. N. Bose provided the key derivation of Planck's formula 

based on this hypothesis, and using Boltzmann's method 

of distributions [1]. But by this time, even the conception 

regarding the nature of matter was encountering a major 

dichotomy : electrons could appear to be particles or 

waves, depending on the circumstances. Likewise light 

now had this dual behaviour, that in waves versus that in 

Photoelectric effect, Compton effect, X-rays etc.

However, for all practical purposes, electromagnetism 

continued to have the completely classical description as 

Maxwell's waves and the latter enjoyed complete success 

as the description of electromagnetism in all walks of 

engineering. One may then wonder if this being a classical 

limit may have to be corrected when dealing with 

quantum phenomena. To most people's surprise, the 

classical description was in fact a subset of the full 

quantum description, and the classical states of light could 

be shown to be subsumed within the fully quantum 



description without having to take an ù®0 limit. While the 

exact correspondence is technical due to the use of 

complex number notation, this was in effect the resolution 

provided by Sudarshan's Diagonal representation as the 

most general formalism for dealing with light.

Approaches to comprehensive

description of light :
The Young and Huyghens school viewpoint 

comprehensively covered all the macroscopic 

phenomena. It was corroborated by a variety of 

experiments and indeed, ray optics could be derived from 

it. The need to develop a more detailed theory of light 

arose with Astrophysical observations of Hanbury Brown 

and Twiss in the late 1950's. Two new issues to be faced 

were : (i) the intensities (photon counts) in two distant 

detectors were correlated even when the phase 

relationship had been lost. (ii) The role of statistics, which 

at first appeared to be entirely deducible from Maxwell 

theory and stochastic effects, could not however be 

adequately explained. In order to understand these 

developments it is useful to understand the concepts in 

use for the classical description of statistical properties of 

radiation as developed in the work of Emil Wolf and 

others. In this one defines coherence functions which are 

correlation functions of components of the electric field at 

different points. Thus the second order coherence 

function is defined as

where t = t -t , and the V is the positive frequency part to be i j

extracted from the temporal Fourier transform of the 

electric field and referred to as analytic signal. Higher 

order coherence functions could be similarly defined, 

involing field strength at several space time points. Since 

intensity is determined by square of the local value of the 

electric field, that information is contained in such 

functions.

A theorem that connects the coherence function to 

observables and makes this formalism tractable can be 

derived if one introduces the more restricted quantity 

“reduced coherence function”

It can be shown [2] that this quantity has direct 

interpretation as the visibility index or the contrast 

between the intensity maxima and minima. The coherence 

functions can now be shown to have two important 

properties, viz., if G (x t ; x t ) is a set of valid coherence (k) i i j j

functions then so is

provided l  are nonnegative numbers. This property is  k

called convexity. Further the set of all such functions, said 

to constitute a convex cone have as their generators those 

coherence functions whose corresponding reduced 

coherence functions are unimodular, i.e., |g| = 1.

This introduction prepares us to understand the stage at 

which Sudarshan entered the field. It was realised by early 

1960's that purely classical and stochastic or thermal 

effects are not sufficeint to understand the outcome of 

Hanbury Brown and Twiss type experiements. A 

formalism based on quantum mechanics was developed 

by Roy J. Glauber who intoduced coherent states, which 

can be understood as the eigenstates of the quantum 

analogues of the analytic signals being used in the classical 

formalism.

Coherent States :
Let us consider a harmonic oscillator, with Hamiltonain 

given in terms of the canonical variables as

When we quantise this system by imposing
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we find that the Hamiltonian has the spectrum of 

eignevalues

An elegant way to obtain this result is to introduce the 

creation and destruction operators. For convenience of 

focusing on the essentials we set m and w to unity and also 

set ù = 1. Then one introduces

which serve as the analogues of the classical analytic 

signals. We see that they satisfy

and we recover the Hamiltonian as

with eingenstates |n obtainable as

As all students of quantum mechanics know, the states 

labelled by n are completely counter intuitive from the 

point of view of classical mechanics. On other hand, if we 

seek states that accord more closely to classical intuition, 

they are the minimum uncertainty wave packets. These 

are the states which saturate the uncertainty principle 

statement

i.e. when the uncertainties are evaluated in coherent 

states, the above statement becomes an equality. E. 

Merzbacher's textbook [3] contains a detailed discussion.

While harmonic oscillator is not essential to understand 

coherent states, it provides a bridge to motivate the 

introduction of the creation and destruction operators. 

Also, the free electromagnetic field has a hamiltonian 

essentially of the same type. We next discuss the essential 

properties of these states, a discussion largely based 

on [4-5].

1. Coherent states are defined as eigenstates of the 

destruction operator

 The eigenvalues z are complex, which is not surprising 

since a is not hermitian. Below we shall see the 

connection of these complex numbers to the ordinary 

coordinates q and p.

2. Coherent states are not orthogonal.

3. There is a resolution of the identity ,

 but this is not a “completenss relation”due to lack of 

orthogonality. In fact they are overcomplete as a basis 

set.

4. Displacement operator : Consider z written as 

(q + ip)/  2 where q and p are any real numbers. But we 

shall next see that these also have the interpreatation of 

belonging to the set of real eignvalues of the operators q 

and p. Let

 where we have temporarily put hats on the p and q to 

distinguish operators from eigenvalues. Further,

 Then we find that

† and similar relations for p and â . This justifies the 

name displacement operator, and the interpretation of 

Re z as a possible eignevalue of q and that of Im z as that 

of p.

 From this, we can also interprete the states Üz$ as simply 

displaced versions of the vacuum

This ends the list of four essential constructs and facts to be 

introduced. We may now consider using the set {|z$ } as a 

basis. Due to the resolution of identity, we can express any 

state |c $as

However the wave function c(z) ¬ ÐzÜc$  is not unique due 

to lack of orthogonality. We have for example,

so z can be added to any wavefunction without 

affecting   Üc$ 

In quantum mechanics, the density matrix formalism is 

also conveneint. Given a state vector Üc$ = /c Üc$ the same n

amount of information is encoded in the operator

In turn we may consider Ün$ Ðn’Ü as the basis for expressing 

such operators. Here we used the orthonormal basis  {Ün$}  

and the representation r  is unique. However consider nn’

proposing a similar representation in the {Üz$}  basis,
---







-

_

_
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Such a representation F(z, z’) is not unique, in terms of each 

of its arguments.

A forfeited lunch :
Sudarshan has recalled in his memories [6] that he had an 

in depth exposure to optics from an excellent teacher Mr. 

Thangaraj at Madras Christian College. This must have 

certainly helped him to communicate and discuss the 

subject with pioneers and experts like Emil Wolf and 

Leonard Mandel when he went to Rochester. He recalls 

that in 1963 Wolf returned from Les Houches workshop in 

Europe where Glauber had given a set of lectures 

introducing the fully quantum treatment of Hanbury 

Brown and Twiss experiments, and had also specifically 

said that the classical treatment of the subject needs to be 

abandoned. Wolf was rather dejected as that was his life's 

work, and he despaired at having to learn quantum 

mechanics. Sudarshan set out to reassure him that the 

quantum approach too had many elements similar to the 

classical approach, with transcribed terminology. He 

worked through this over one evening. The next morning 

when he brough his notes and explained the formalism to 

Wolf, he was so pleased that he said he must write out the 

paper there and then. So the paper was written out, edited 

and typed, and it was only after it had been put in express 

mail that Sudarshan was allowed to go for lunch.

Glauber had introduced coherent states to define quantum 

correlations in photon detection statistics [7]. However as 

discussed in [5] and [8] this proposal was too broad, and did 

not have the specificity and advantages of the Diagonal 

representation to be discussed below. The timely paper by 

Sudarshan[9] introduced the sharply defined Diagonal 

representation as a generalisation of the classical correlation 

functions, and gave the complete answer to the question of 

radiation intensity measurements using coherent states. 

Within the next few months the next paper of Glauber on 

this topic appeared, proposing a formalism on the lines of 

the Diagonal representation, dubbed P-representation[10], 

however the treatment could be seen to be incomplete in 

several technical aspects [5]. The contrast in the extent of 

contribution of the two authors, and the gap in insight and 

clarity as to the final synthesis are traced out in [8]. 

Specifically, the priority regarding the Diagonal 

representation, also known as Optical Equivalence Theorem 

belongs to George Sudarshan. It provided the sharp criteria 

identifying what are non-classical states of radiation that 

inspired new experiments [11]. It is acknowledged in the 

literature as the Sudarshan-Glauber, though sometimes also 

the Glauber-Sudarshan [12], representation.

Recovering uniqueness :
The great redundancy in the basis {Üz$ Ðz’Ü} however has a 

very simple and elegant implication as was realised by E. 

C. G. Sudarshan [9]. Accordingly, it is sufficient to 

represent any density matrix as the diagonal entity

The quantity f(z) is then unique unlike F(z, z’), however it 

is not restricted to be an ordinary function. In general it 

turns out to be a distribution, or a generalised function , of 

which the well known Dirac d-function is perhaps the 

simplest example. In his 1963 paper Sudarshan gave a 
iuconversion formula that expresses f(z) ¬ (re ) in terms of 

the standard n representation as

We may well feel great uneasiness at the high order of 

derivative of the d function involved. Nevertheless, this is 

the complete explict answer and appeared in literature 

before the P-representations made their appearance.

In the quantum theory one defines the second order 

coherence function as

where x stand for space as well as time coordinates and E 
†and E  are the positive and negative frequency parts of  the 

electric field operator. The usual expression for E is sum 

over all positive frequency mode functions. To avoid 

complication we stay with the single mode system we 

have been using, in terms of which this becomes

where  corresponds to density matrix r defining the 

average áñ. Thus the coherence function has the 

appearance of a generic classical quantity, the average 

value of a function of the complex variable z with statistical 

distribution given by   (z). The main difference is that f can 

be the rather wild object without any guarantee of 

positivity or even of validity as a usual function. But it does 

reexpress the quantum coherence function uniquely as an 

expression with direct analogy to the classical expression. 

Further it can be shown that these coherence functions also 

have the convexity property. Finally corresponding to the 

unimodular reduced coherence functions which act as 

generators in the classical formalism, here there are states 

with excitation of the field to the required degree in a 

single mode. To quote the originator of the formalism ([2] 

pg. 138, original emphasis retained),

G
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“Thus all the results of 

modern classical theory of 

second order partial coherence 

are unaltered in the quantum 

theory formulation.”

A resolution through the unresolved :
In hindsight, the disagreement between the Newtonian 

and Huyghens schools on the nature of light appears rather 

innocent. The concepts of particles and waves were rather 

clear cut then, and the issue was simply of classifying light 

by placing it in one or the other of the conceptual bins. By 

comparison, now we seem to have the final theory of light 

in hand, thanks to the developments leading from Planck 

and Einstein, to Bose and finally to Sudarshan. Yet the 

answer may leave us more perplexed than when we did 

not know so much. The reason is that the concepts in terms 

of which we achieved this synthesis are themselves rather 

novel, and the comprehensive theory of light now lives in a 

domain which we will not be able to report successfully to 

general public. In other words, if a highschool student asks 

us, is the controversy now settled? The answer is yes. But if 

the next question is, can you tell me which way it got 

settled? The answer is no.

A century after the development of quantum theory, all of 

the lay population and substantial segments of the 

professional community remain puzzled if not befuddled 

by the principles of the new mechanics. If the wave particle 

duality was not puzzling enough, the outcome of an act of 

measurement is statistical in nature. What most people do 

not realise and perhaps nor did Einstein is that the mischief 

started with his own most crisply articulated photon 

hypothesis quoted at the beginning of the article, ... a light 

ray emitted from a point source, ... consists of finite number 

of energy quanta localised at points of space ... . One is 

tempted to ask, which points of space? The moment a point 

source chooses one or more specific directions in space into 

which to send out the emission, it is violating rotational 

invariance. We know the answer with the hindsight of 

innumerable experiments. The isotropy of the process is 

recovered statistically, after a sufficiently large number of 

emissions has been observed. Einstein inadevetantly but 

with deep insight had already introduced the drastic new 

element of quantum theory. As to the wave particle duality, 

Dirac alone among all the stalwarts seems to have stood by 

the new positive principle in quantum mechanics, that of 

linear superposition principle. And once one accepts this 

principle, most puzzles over dual description vanish. The

principle seems to play an important role in this new 

synthesis in the theory of light. But this leads us to ponder 

another striking fact. If all the results of classical coherence 

theory are subsumed in the fully quantum formulation 

then we may conjecture that the linear superposition 

principle observed in many of the electromagnetic 

phenomena we daily use and control may well have been 

inherited from quantum mechanics.
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Introduction :

The following is a brief note on the contributions of

Professor Ennackal Chandy George Sudarshan to the field

of open quantum systems. Sudarshan made fundamental

contributions to various fields of physics and is well

known to experts in a variety of areas for his contributions

to particle physics, quantum optics, open quantum

systems theory and quantum measurement theory.

I will focus on three topics Sudarshan made fundamental

contributions to that are close to my heart, dynamical

maps, generators of CPTP evolution and the quantum

Zeno effect.

Dynamical Maps :

Let us begin the discussion with the first example many of

us learn in physics, namely the idealised simple

pendulum. Consider the simple pendulum, whose

equation of motion within the small angle approximation

is given by . This equation of motion represents

a “closed” classical system because the only the system

variables (the angle of the pendulum) are modelled.

Hence the underlying assumption is that the system is

sufficiently isolated from the environment so as to not be

able to influence the dynamics of the system. All

experimental realisations of this idealised pendulum

breaks this assumption since there are always molecules

of air, points of contact and other interactions that

invariably can exchange energy with the pendulum.

These extraneous degrees of freedom represent an

“environment” and the system is said to be “open” (as

opposed to closed). Now, in theory one could write down

a set of coupled equations representing the pendulum and

all the molecules of air (as a simple example of the

aforementioned environment) and solve the entire system

numerically (since an analytical solution is almost never

available). We would then integrate out the degrees of

freedom we are not interested in (the environmental

particles) and obtain an equation of motion that describes

the physics of the pendulum, which we are interested in.

The two problems with this approach are that (a) it is not

possible even in principle to integrate coupled

equations corresponding to an Avogadro number of

particles over even a short time and (b) we are not

interested in almost all the information we would get if we

could solve such a coupled set of equations. The other

approach to take is to write a “phenomenological” theory

that describes the effect of the environment on the system.

In the case of the simple pendulum, the phenomenological

theory consists of writing the equation of motion for a

damped harmonic oscillator, namely ,

where, the coefficient of friction, describes the effect ofk

the environment, which can exchange energy with the

pendulum. Note that while phase space is described by



of the matrix as

Since we have said nothing about A yet, this is a

completely general statement. We note the index

structure, wherein the input indices ( ’, ’) that arer s

summed over appear as the later two indices and the

output indices ( ) appear as the first two indices for theA-r,s

matrix. Since the eigenvalues of density matrices are

interpreted as the probabilities of occupation of various

eigenstates, the density matrix has to obey (a) reality of

eigenvalues, encoded in = , (b) positivity of eigenvaluesρ ρ†

ρ ≥ ρ0 and (c) normalisation written as Tr( ) = 1. These

constraints, Sudarshan and coworkers realised, meant

that the A-matrix would also be constrained, since it was

meant to transform density matrices to density matrices.

The constraints on the A-matrix follow from the three

conditions imposed on density matrices above, and can be

written as

Sudarshan, Matthews and Rau introduced the -matrix,B

which was a permutation of the indices of the -matrixA

with more pleasing properties. The -matrix was definedB

by the relation

Notice that instead of clubbing together input indices and

output indices, which is what the A-matrix does, the B

matrix clubs together the ket indices and the bra indices.

We note that both - and -matrices represent a kind ofA B

“input-output” description of quantum mechanics. One

way to think of these matrices is that they tell us all the

varieties of black-box quantum machines allowed by

nature. This perspective of Sudarshan and his colleagues

has been crucial to quantum computing, a field that often

considers blackbox quantum machines [3]. Returning to

the matrices at hand, it can be easily verified that the

conditions on the A-matrix above implies that -matrix isB

Hermitian and positive semi-definite

. The trace condition is transformed to

the condition . This B-matrix is referred to

as the “dynamical” map, and we note that if the density

matrix evolves according to

then the corresponding -matrix evolves as B ,B B � � �
†

where = U I.� �

two scalars, we see the introduction an operator / t toκ� �

describe the effect of the environment. Likewise, since

quantum states are described well by density matrices,

several operators will appear alongside parameters to

describe the effect of the environment on the quantum

system.

Since the reader might not be very familiar with density

matrices, I will take a paragraph to introduce the central

idea [1]. To see how density matrices could emerge from

wavefunctions, we remember that in quantum physics, we

compose two systems by the tensor product rule, and

when we ignore systems we write the marginal quantum

states using partial traces. Without loss of generality , let
#1

us write a bipartite quantum state as

It then follows that the marginal state of the system is

given by given simply by tracing over the,

environmental state. The physical interpretation here is

that since we are discussing open quantum systems, it

follows that assigning pure states to the universe would

imply mixed states for any subsystem of the universe.

Having motivated density matrices, we should

understand how to recognise if an arbitrary matrix is a

good description of quantum states (i.e., derivable from a

pure state in a higher dimension) or not. To do this, we list

the properties of a density matrix. Any matrix that

qualifies as a density matrix should be (a) Hermitian

to ensure that the eigenvalues are real, (b) positive

semidefinite 0, so that the eigenvalues can be� �≥
interpreted as probabilities, consistent with Born’s rule

and (c) trace preserving Tr( ) = 1, so that probabilities⇒ �

add to 1. These properties will guide much of the

discussion below.

Since quantum mechanics is a linear theory, one can

imagine that a linear differential equation should describe

open quantum evolution well. Such a theory has to be a

theory of density matrix transformations and not

wavefunctions for reasons explained above. Sudarshan

was interested in such a description of the system

dynamics in terms of a linear map acting on the system.
#2

With co-authors Matthews and Rau, Sudarshan

formulated the theory of dynamical maps in 1960 [2]. They

presented two matrices related to the transformation of

density matrices, known as the A-matrix and B-matrix,

which we briefly discuss here .
#3

Any transformation from a density matrix to a density

matrix can be written as a transformation of the elements
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(1)

(2)

(3)

(4)

(5)



Remarkably, Sudarshan, Matthews and Rau also pointed

out that such a B-matrix can be written in the form

with (qq’) 0 the positive semidefinite eigenvalues of� 	

the -matrix and the matrices W obey the conditionB

This means that the density matrix transformation

be written as

If we write then the equation above

can be written as

where ’ is the summation index. This representationk qq≡
of open quantum system evolution presented in Eq. (9) is

called the operator sum representation (OSR). The

operators { }, first presented in this paper [2] are oftenAk

called Sudarshan-Kraus operators in the literature and

have been one of the most commonly used representations

of open quantum system dynamics. On the other hand, the

operators = are called effect operators. We willE A Ak k k

†

return to this formulation of open system dynamics at the

end of the next section.

Complete Positivity :
Sudarshan and his colleagues were interested in

transformations that would map quantum states toρ
other quantum states consistently while obeying someσ

additional rules we discuss below. The two important

concepts outlined in the previous section are (a) the system

environment separation and (b) the treatment of the effect

of the environmental degrees of freedom on the system

dynamics through an effective theory. These two ideas can

be applied to quantum systems interacting with an

environment as well, but let us see what issues arise with a

direct calculational approach.

The composite of the system and the environment taken

together are isolated, and hence are well described by a

wavefunction | which obeys a Schrodinger equationψ 〉(SE)

given by

Here, the system-environmental Hamiltonian H can be(SE)

written as

where is the term that describes the system

-environmental interaction. If this system environment

wavefunction | ( ) is traced over the environment at aψ 〉(SE t

given point in time, we obtain the system density matrix

namely ( ) = Tr ( (t) ( ) ).ρ ψ 〉〈ψt tE Ü Ü
( ) ( )SE SE It is hence possible in

principle to evaluate the evolution of the system state of an

open quantum system by solving for the full dynamics.

There are two issues with following this procedure for

arbitrary open system evolution. The first issue is owing to

Fig. 1.Adamped pendulum is an example of the system environment
point of view that is also applicable for quantum dynamics. In
classical mechanics, we are interested in the dynamics of the
pendulum (the system), whose equations of motion are coupled to
those of the environmental degrees of freedom, which are
represented as the smaller particles in red. The damping parameter
represents the effect of the environment on the system, which
describes sufficiently what we wish to describe for our classical
system.

Fig. 2. Quantum Zeno effect, represented as a series of unitary time

evolution steps for time = / and measurements for timeτ t N

such that the measurements can be approximated to be
instantaneous. The freqency of measurements is controlled by
changing for a fixed , which corresponds to making measurementsN t

more often for increasing . If the measurements are performedN

frequently enough, the evolution is frozen at the initial state, which is

the state 1 in the figure.| 〉
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(6)

(7)

(8)

(9)

(11)

(10)
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the exponential growth of Hilbert space, such a system

environment state is in principle not calculable . The
#4

second issue is simply that we have no purpose for the

marginal state of the environment

since we only care about the system dynamics. Recall that

both these reasons are true also for our example of the

simple harmonic oscillator , where we replaced the large
#5

number of environmental degrees of freedom with one

number, the damping constant.

In the 1970s, Sudarshan, along with his colleagues Gorini

and Kossakowski [4] (and Lindblad separately [5]) were

asking more questions about such a phenomenological

description of open quantum system evolution in terms of

maps that acted on the system. State space grows

exponentially in quantum mechanics and any realistic

calculation of exact system-environmental dynamics will

be restricted to either small sizes or exactly solvable

models, which are not generic. So the physical question

being asked was the quantum analogue of finding the

damping constant and the relevant operators that describe

open system dynamics. The mathematical problem being

considered was to produce a map from the space of

density matrices onto itself, written as :Λ →t T(H) T(H).

Here is the Banach space of trace class operatorsT(H)

defined on the complex Hilbert space . Since densityH

matrices are positive semi-definite operators, such a map

was called a “positive map”. Since is a contraction , wetΛ #6

could always write the evolution as

Though it is perhaps clear that positivity was a necessary

condition, the question is whether all positive maps are

physical (i.e., experimentally implementable)? The

argument made by Lindblad relied on a construction by

Stinespring [6] and was that one must consider not just

positivity, but a stronger requirement, called complete

positivity (CP).

To explain CP, imagine our quantum system as a marginal

state of a larger system-environmental state (which can

always be taken to be pure), namely =r Tr ( )E ⎮ 〉 ⎮
 �

( ) )SE (SE

We clarify that while we made this assumption following

Eq. (10), we did so because we assumed a microscopic

model of the physics. Hence a mixed state appeared as a

consequence of a higher dimensional pure state evolution.

Here, we are making the argument in reverse, namely that

any mixed state can be considered to be the marginal of a

higher dimensional pure state, which can be proven by

construction. Now, the question of whether a positive map

is both necessary and sufficient can be posed as the

following question: If we have a d-dimensional positive

map ,then is , a positive map 1? In simplerL àt

(d) ∀k

language, the question being asked can be restated as the

following test: if is indeed a valid map that takesLt

(d)

quantum states to quantum states, then it must produce

good quantum states if instead of sending quantum states

through the machine that is well represented by this map

Lt

(d), I send a higher dimensional tensor product quantum

state through a machine that implements only on theLt

(d)

d-dimensional subspace and does nothing to the other

subspace. If a positive map also produces a set ofλt

(d)

positive maps , then such a map is said to

be -positive. Complete positivity is the condition thatK

K = , which Choi showed was mathematically�

equivalent to d-positivity [7].

Since this discussion on positivity is becoming a bit terse,

let us look at the canonical example of positive maps that

are not completely positive namely the partial transpose

map. To consider the partial transpose map, let us discuss

the transpose map defined via the action [ ] = It isTA (A)
� �ij ji

easily checked that the partial transpose map takes

density matrices to density matrices. Now the partial

transpose map can be defined by the action of theTA

transpose operator acting on only one system of a bipartite

state . This operation is defined in a basis as�
AB

Now let us consider the

maximally entangled state written explicitly as

The partial transpose operation will take this state to the

matrix

The matrix above has negative eigenvalues (which means

TA[ ] is not a density matrix), which discounts the partial�

transpose map as a “good” map, though it transforms

density matrices to density matrices in the system's

Hilbert space.

Now, we go back to the point that a CPTP map t can always

be written in terms of a generator Gorini

(12)

(13)

(14)

+ +



Sudarshan and Kossakowski alongside Lindblad pointed

out that such a density matrix evolution equation is given

by

The equation above can be “diagonalized” by employing a

singular value decomposition, and we can write the

evolution in the final form

We have discussed two methods to represent density

matrix transformations, namely the B-matrix/operator

sum representation and the GLKS equation. I wish to end

this section by relating the operator sum representation to

the GLKS equation. To do this, we have to move from an

input-output representation of the open-system dynamics

to a continuous time parametrized representation . To do
#7

this, we have to parametrize the Sudarshan-Kraus

operators with time. Consider the following Sudarshan-

Kraus operators

Here, W := dt is the Wiener noise increment [8], whichd �

has the property that its stochastic average is zero = 0dW

and whose variance is W = dt. The Wiener incrementd 2

dW can be justified from the standpoint of a continuous

theory of measurements, and we refer the reader to [9] for

an introduction. We can check to first order in

time if and only if Notice that you will getdt

terms proportional to W as well, which you set to zero byd

computing the stochastic average of the equation above.

Interestingly, if we insist that the equation be trace

preserving to order W, we get the correct stochasticd

master equation [9]. Now, if we write the stochastic

averaged density matrix going from time to time + , wet t dt

can write the stochastic average ( + ) as〈〈ρ〉〉 t dt

which has the same form as Eq. (17) above with the

identification b b . Thus we see that the contractive√γ →k k k

map which produced the GLKS equation can be “derived”

from the operator sum representation. We note that

though all GLKS equations represent CPTP maps, not all

CPTP maps take the GLKS form.
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The GLKS form rests on a very stringent requirement of

the damping coefficient being time-independent. In the

case of time-independent , we get a contractive semi-γk

group and the GKLS form is guarenteed. If = ( ) 0 is aγ γ ≥k k t

positive semi-denite time dependant term, then the

underlying dynamics is no longer contractive, but is still

divisible. If ( ) is not positive semi-denite, then theγk t

equation may represent non-divisible dynamics

(exhibiting information backflow) if additional conditions

are satisfied [10, 11].

Quantum Zeno Effect :
We note that measurements can be thought of as

interactions with an external quantum system that

somehow is able to point out to the observer what the

measured value of the quantum system is. Such an

approach would clearly be related to the previous

sections, which have considered the system-environment

approach in some detail. Sudarshan had indeed used the

operator sum representation to discuss the effect of

measurements on a quantum system. Let us now discuss

such a topic that has caught the imagination of many and

also has practical implications. Sudarshan with his

student Baidyanath Mishra demonstrated how rapid

measurement can “freeze” a quantum state, preventing its

evolution. Such an effect is known as the quantum Zeno

effect. Before we put the quantum in Zeno, let us refresh

our memories as to what the original Zeno paradox is. The

paradox, attributed to Zeno of Elea as it pertains to our

discussion can be stated as follows:

“An arrow in motion must occupy a point in space at all times.

Since an object that is at a point is not in motion, the arrow never

moves".

This paradox is often also paraphrased as the “watched pot

never boils". Sudarshan and Mishra note in their paper that

such a paradox comes to life if one considers quantum

measurements. To understand their discussion, let us

consider a simpler case discussed by Itano [12]. Consider a

quantum state | (0) evolving under a Hamiltonian asψ 〉 H

| (t) = e | (0) One can calculate the “survivalψ 〉 ψ 〉-iHt

probability" ( ), defined as the probability that a givenS t

initial state remains so under evolution. Such a survival

probability would be calculated as ( ) =| (0)|e | (0) |S t 〈ψ ψ 〉- 2iHt

which can be approximated for a small enough time ast

(15)

(16)

(17)

(18)

(19)

(21)

(20)



23

with = (0)| | (0) - (0)|H| (0) . The point toΔ 〈ψ ψ 〉 〈ψ ψ 〉H H2 2 2

notice here is that the survival probability is quadratic in

time. This is seemingly inconsistent with the fact that

survival probability for decaying particles (such as a

radioactive particle) is typically observed to be

which is linear for small . Thus, we can conclude thatt

indeed for systems that undergo exponential decay, the

evolution equation is only exponential if one considers

longer times. Sudarshan himself points out [13] that

fundamental quantities like fields propagate linearly in

time. This means that quantities such as intensities

(quadratic in the fields) have to decay atleast quadratically

in time. This is a simple understanding of the so-called

paradox.

In the original paper, Sudarshan and Mishra considered a

time interval interspersed by measurements. TheN

question they raised was whether one could calculate the

survival probability of a particle initially prepared in some

manifold given by an effect operator to survive theE

subsequent combination of concatenated evolution and

measurement. The technical achievement of the paper was

to show that this limit exists, and is inside the same Hilbert

space as the operators acting on the states considered. If we

consider the initial quantum state to be (0), then the stateρ
after such “evolve and measure" intervals is given byN

where

The effect operator (defined below Eq.(9)) denotes theE

subspace in which the initial state was prepared and the

probability of getting successive measurements whereN

the system is in the initial subspace denoted by is givenE

Q T t T tN N N= Tr( ( ) (0) ( )). Sudarshan and Mishra showed thatρ
Q NN → → ∞1 as , proving that rapid repeated

measurements can indeed freeze the evolution of a

quantum state. It is interesting to note that a track in a

Wilson cloud chamber can be thought of as a periodic

measurement, which then does not explain why decay of

particles is observed in such chambers. The answer to this

question rests in the fact that measurements are not

frequent enough [14]. Indeed the frequency of

measurements can in general alter the time of decay of

particles, not always to slow them down but also to hasten

them [14, 15].

An experimental study of the quantum Zeno effect due to
#8

Itano et.al., is presented in Fig (2). A three-level system is

considered, which is subject to a slow evolution pulse (red

banded pulse in the figure) and rapid measurement pulses

(blue comb-like pulses in the figure). If the measurement

pulses are rapid enough, then the quantum state of the {|1 ,〉
|2 } subsystem evolves only slightly away from the initial〉
state |1 . This implies that when the quantum system is〉
measured, the quantum state is observed in |1 with large〉
probability. This causes the entire evolution to reset, which

is represented pictorially in the figure as measurements E

interspersed with evolution For simplicity, we take the

time to implement to be small enough to be negligible. InE

the limit of the number of measurements , weN → ∞
conclude that the quantum state is frozen in |1 .〉

Beyond CP Maps: Initial Correlations :

Let us recollect that any CPTP map can be written as

The initial condition of the system environment state

R(SE) (E)(0) = implies that there are no correlationsρ ⊗ T

between the system and the environment at the initial

time . In this section, we will outline the contributions of
#9

Sudarshan in going beyond this assumption. The usual

argument justifying the absence of initial correlations is

that any correlations present between the system and

environment die very quickly. This is true if environmental

degrees of freedom are much larger than the system and if

the bath correlation times are much smaller (check) than

any typical time scales associated with the system, two

S(t) e (1 - t).               (22)∝ ≈ γ- tγ

†

Fig. 3. A symbolic representation of open quantum system evolution.
The system is coupled to the environment some interactions
modelled by an interaction Hamiltonian. In general, the initial system
environment state is given by the sum of the tensor product of the

marginal states and a correlation matrix (see text). If theρ ⊗ T

correlation matrix is 0, then the system dynamics can be written in
terms of a CPTP map.

Universe

Environment

System

R = +(SE) ρ ⊗T X

†

(23)

(24)



consider an initially correlated system again, and write

where we have separated the CP part of the physics in the

first term from the initial correlations, captured by the

correlation matrix , which is causing the violation of CP.

Now, the violation of CP can be understood in the

following way: by “map" we mean that for every element

of a set (the domain), the map produces an element of

another set (the range). When a potential dynamical map is

considered in quantum mechanics, the domain is usually

the set of all quantum states. The assumption hence is

mathematically stated that in the equation above, ( ) canT,

be kept fixed while changing. This is not always allowed,

since the quantity + might not be a valid densityρ ⊗ T

matrix for all “input states". For a given ( ), there is aT,

restricted domain which would produce “good” system-

environmental states. Such a condition when imposed,

would take a restricted set of input states to commensurate

output states which are always guaranteed to be positive

operators. Such a map, known as a not completely positive

(NCP) map, would suffice to describe initially correlated

states. Sudarshan with his students [20, 21] where they

pointed out that quantum states with certain correlations

may still be well described by CPTP maps. This approach

complements another approach towards this entire

problem of NCP maps, where the initial correlations are

accommodated using the so-called process tensor

formalism [22-25] where one characterises how the

experiment at hand transforms the preparations (or

measurements) performed on the system alone.

Closing Remarks :

Professor George Sudarshan has had an indelible impact

on physics in general and quantum physics in specific.

Through his fundamental contributions to open quantum

systems, Professor Sudarshan has impacted fields such a

quantum optics, quantum information sciences and

fundamental particle physics. Ideas first put forth by him

are now in common parlance and have found varied uses

in fields such as quantum control and continuous

measurement theory and are still relevant today to

understand several aspects of quantum information

sciences.
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assumptions often easily justified in the study of open

quantum systems theory applied to examples such as spin

chains. Now, though such assumptions are justifiable for

many open quantum systems [16], several counter

examples also exist.

Let us consider one such example: Consider a system

and its environment to be (a) interacting andS E

(b) in weak contact with an even larger bath ’ thatE

simply acts as a thermal reservoir at temperature . If
#10 -1β

the total Hamiltonian = + + where = AH H H H H(SE) (E)

I 1 k k∑ ⊗
Bk

(E) is the interaction Hamiltonian, then the Gibbs state at

the given temperature will be where

is the partition function. Note that though

we have written the interaction Hamiltonian in a generic

form (used, say in [16]), we only need that 0 for the restHI ≠
of this discussion, the detailed structure being of somewhat

less importance. One can check with an example, for

instance, that ). cannot be written as a tensor product ofG( )β

two marginal states. Hence, this situation, where a

quantum system (say a molecule sitting inside its cage,

which forms an open quantum system [17]) is sitting in an

extended bath (say the environment surrounding thisE’

molecule), the initial state of is well described by .SE G( )β

The important point here is that the initial state of the

system and environment cannot be written simply asG( )β

the tensor product of the marginal density matrices. Given

that nature is replete with such examples of initially

correlated quantum systems, we see that the assumption of

not having initial correlations as a way to obtain CPTP

dynamics is somewhat restrictive to describe all

experimental scenarios . As another example we note that
#11

in [4], Sudarshan and coauthors consider a spin - particle�

with two damping rates: the Bloch vector ( , , ) isr r rx y z

undergoing damping along the , axis with a dampingx y

rate and the r damping rate is . Using the CPTPγ γ1 z 2

construction, the authors show that a map with these

damping rates is only CPTP if 2 . This is violated inT T2 1≤
experiments [18, 19], pointing at the need to look “beyond

CP".

Though Sudarshan was skeptical of going beyond the CP

formalism, he alongside several students made several

major contributions to this field, which I wish to briefly

discuss. With coauthors Anil Shaji and Thomas F. Jordan,

Sudarshan pointed out that there was still a linear map

construction one could construct to discuss the physics of

systems initially correlated to their environments. Let us

(25)
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Notes :

[#1] This generic construction is called a Schmidt

decomposition, and it assumes that you can always

write a bipartite pure state this way with positive

semi-definite k and basis {| }φ 〉 〉k k,| (E)

[#2] linearity follows from the experimental observation of

the superposition principle.

[#3] See also [26, 27]

[#4] Though physicists understood for a long time that the

arbitrary evolution of an initial quantum state of a

generic many-body Hamiltonian is “very difficult",

now we understand that it is a computationally

difficult task, whose difficulty increases with the

amount of entanglement in the system.

[#5] In the classical setting, the intractability of the classical

calculation comes from the exponential sensitivity to

initial conditions exhibited by generic dynamical

systems.

[#6] since the purity, defined as Tr( ) can only decrease ifρ2

there is no information backflow from the

environment.

[#7] i.e., the B-matrix evolution in time should be written

down so that you can apply an infinitesimal time

operation and calculate / t∂ρ ∂
[#8] which is different from the paradox, since the effect

simply refers to the slowing or hastening of

dissipative rates via measurement.

[#9] Compare this to the situation in classical probability

theory, where a joint probability distribution ( )P x, y

can be written as a product of marginal distributions

P x, y p x q y( ) = ( ) ( ).

[#10] Technically, = 1/( ).β k TB

[#11] Though the absence of initial correlations ensures

CPTP, whether the presence of any initial correlations

would preclude CPTP construction is a bit more

complicated. See [20, 21] for details.

(credit : University of Texas at Austin, 1989, reprinted with permission)


















































