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                                             Editorial 
  

As we all know, the world is under the grip of COVID-19. Due to the prevailing 

situation caused by the COVID-19 pandemic, this issue is being published online only. 

In this issue, we bring you a special article by Prof. H.M. Antia on data analysis and 

modelling of an epidemic from a physics perspective. Further, we chose to highlight 

the SARS-CoV-2 virus on the cover pages as well: a cryo-EM image on the front, and 

a 3D model of the spike protein on the back cover. Developments in physics have been 

vital for advances in both ultra-high resolution electron microscopy and additive 

manufacturing processes that play an important role in our world today. 

This issue contains articles by various IPA awardees, namely Prof. M. Barma (joint 

recipient of the IPA’s R.D. Birla award of 2018), Prof. S.A. Rangwala (recipient of 

the IPA’s P.K. Iyengar award of 2018), Dr. Arjun Dey (recipient of the IPA’s N.S. 

Sathyamurthy award of 2018).  In addition, there is an article on the dark universe 

detailing mysteries of dark matter and dark energy.  The discussion on Gender Equity 

in Indian Astrophysics Community, is also reported in this issue. Our backscatter page 

takes a look at the key events of 1970 that ushered in the era of lightwave 

communications, whose 50th anniversary is being celebrated this year.  

We hope you enjoy the different articles in this issue. As always, we would love to 

hear from you and appreciate your feedback and suggestions.  

Wishing you all a healthy time and happy reading 
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From the President’s Desk 

 

The Covid-19 pandemic has affected the whole world and in India also we are facing 

the adverse impact. The IPA and physics community are committed to do our duty to 

the society in present crisis. Many of our members have participated in awareness 

campaigns with scientifically and technically correct information, online lectures for 

college students, webinars etc.  One of the highlights of this issue is an article on data 

analysis and modelling from a physics perspective, to understand and arrest the spread 

of epidemic. Any suggestions on how IPA can help the community in this crisis, may be 

sent to ipa.india@gmail.com 

We hope to catch up with various IPA events after July 2020. As announced earlier, a special seminar “New horizons 

in Physics” is being planned in Aug. 2020 to commemorate 50 years of IPA, with a goal to acquaint young 

researchers with exciting developments in various areas of Physics. We look forward to your support to make IPA50 

even a great success. 

 

A.K. Mohanty 

 

mailto:ipa.india@gmail.com
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COVID-19: Data analysis and modelling  

H.M. Antia 

Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 40005  

E-mail: antia@tifr.res.in  

H. M. Antia is a Senior Professor at the Tata Institute of Fundamental Research. He has been working 

for the last four decades on helio- and astero-seismology, numerical techniques and X-ray astronomy. 

He has authored more than 150 research papers and a book on Numerical Methods for Scientists and 

Engineers. He is a fellow of the Indian Academy of Sciences and the Indian National Science 

Academy.  

Abstract 

COVID-19 pandemic has spread to practically all countries in the world, infecting over 3.8 million people and has resulted in 

over 260,000 deaths. In this article an analysis of worldwide data is presented and a simple model to describe the growth of 

epidemic is provided. From the data for different countries it is argued that the epidemic may peak when the total detected 

infections are between 0.1% to 1.0% of the total population.

Introduction 

Coronavirus disease 2019 (COVID-19) is an infectious 

respiratory illness caused by severe acute respiratory 

syndrome coronavirus-2 (SARS-Cov-2). It was first detected 

in the city of Wuhan, China during December 2019 and was 

first reported to the World Health Organization (WHO) on 31 

December 2019. WHO declared the outbreak a Public Health 

Emergency of International Concern on 30 January 2020. By 

6 May 2020 it has infected more than 3.8 million people and 

killed more than 260,000 worldwide. It has spread to more 

than 200 countries in all continents, except Antarctica. Only 

major countries with population of more than a million that 

have not reported any cases so far are, North Korea, 

Turkmenistan and Lesotho. USA with an infection of more 

than a million and over 65,000 deaths, is the country most 

affected by COVID-19. Another 9 countries have infections 

between 105 and 106. The basic data including the number of 

infections, deaths and recovery can be obtained from [1,2]. 

India recorded the first case on 30 January 2020 and the first 

three patients recovered from illness. However, a second wave 

of cases started in the beginning of March and the number of 

infections started rising rapidly, crossing 100 infections on 

14 March, 1000 on 29 March and 10000 on 13 April. The 

number of deaths caused by COVID-19 has also increased 

from 10 on 23 March to 100 on 5 April and 1000 on 28 April. 

As of 6 May 2020, 53006 persons have been infected, of 

whom 1784 have died, while 15331 persons have recovered, 

giving an infected population 35891. If we take the increase 

by a factor of 10 over 15 days, it gives a doubling time of 4.5 

days during the initial phase. The virus has spread to 33 states 

and union territories. Only two states, Nagaland and Sikkim, 

and the union territory of Lakshadweep have not reported any 

case so far.  

The usual symptoms include fever, cough and shortness of 

breath. The incubation period or the time between exposure to 

the virus and the onset of symptoms is typically, around 

5 days, but could extend up to 14 days. While the majority of 

cases cause only mild symptoms, a small fraction develop 

viral pneumonia which could result in multi-organ failure 

leading to death in some cases. The fraction of cases where the 

outcome is fatal, known as the Infection Fatality Ratio (IFR) 

is on an average about 1%, but the rate is higher in old per- 

sons and persons with other health conditions. A typical 

recovery period may be about 15 days, but it could be longer 

in severe cases. It is expected that people who have recovered 

are immune to the disease for at least some time. Currently, 

there is no medicine to treat this disease or a vaccine to prevent 

its spread. The infected population can be classified into three 

categories, symptomatic, those who show the symptoms of the 

disease, pre-symptomatic, those who do not show symptoms 

at the time of testing, but develop the disease at a later time 

and asymptomatic, those who never show any symptoms. The 

first two categories of persons can spread the disease for some 

days. It is not entirely clear if those who never show symptoms 

can infect others. These categories are of people who test 

positive for the virus. Instead of testing for virus, it is possible 

to perform serological test to detect antibodies to the virus in 

blood sample. In principle, such tests are supposed to identify 

people who have been infected at some point of time. The 

reliability of such tests is not clear, but there are many reports 

which indicate that the number of people who have been 

infected is much larger than the number of people detected 

with infection. The difference could be an order of magnitude 

or more [3]. The reasons for this are not clear, but it is possible 

that these people received only a small load of virus during 

infection, which they managed to clear without showing any 

symptoms. It is not clear if all these people who show 

antibodies have developed immunity to the virus. If that is the 

case, then we have a substantially larger population who are 

immune. This has important implication for the peak infected 

population. If the epidemic is not checked then ultimately a 

mailto:antia@tifr.res.in
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substantial fraction of the population is expected to be 

infected. This number could be an order of magnitude lower if 

a large number of undetected cases also develop immunity. 

The infection is believed to spread through droplets expelled 

by the patient, while coughing, sneezing or talking. A major 

problem is that infected persons can start spreading the 

infection even before they show any symptoms, which makes 

it difficult to control the spread of disease. There is some 

evidence that the rate of infection also depends on temperature 

and humidity, with cold dry weather favouring the virus [4]. 

This is probably borne out by the fact that the growth rate of 

infections has been higher in cold countries during winter. 

However, from the fact that the virus has spread to practically 

all countries, it is clear that the range of climate variation is 

not enough to kill it, it may only slow the spread.  

To prevent the spread of disease, the common measures are 

identifying and isolating the infected persons, tracing contacts 

of infected persons, observing social distancing, avoiding 

large crowds, etc. An extreme measure that many countries, 

including India have adopted is the lockdown. The 

effectiveness of these measures, is not known and different 

countries and regions have varying level of success with these 

measures. The only countries with significant number of 

infections who have managed to control it effectively for 

prolonged period are China and South Korea. While China 

imposed strict lockdown, South Korea did not. Both used case 

isolation and aggressive contact tracing of detected infections 

to control the disease. 

Data on Epidemic 

In any region typically, the epidemic starts with a few 

infections and if these cases are not quickly identified and 

isolated, the disease spreads through the population which is 

largely susceptible to infection. Once the disease starts 

spreading, for the first few weeks the growth is essentially 

exponential, with a doubling time of 3-6 days. After that the 

doubling time typically increases as the population takes 

preventive actions to check the epidemic. After a few weeks a 

fraction of population recovers (or dies) from the disease and 

hence cannot spread it. From the point of view of spread of 

infection there is no distinction between recovery and death as 

both category of people would not spread the disease. We may 

consider that as population that is removed from the infected 

list. The extent by which the doubling time increases depends 

on the effectiveness of the measures taken. During this second 

phase the growth of infected population may follow a power 

law [5]. A crucial milestone in the control of epidemic is 

reached when the curve crosses the point of inflection, or 

when the second derivative of infected population changes 

sign, i.e., the number of daily infections reach a peak value. 

The total infections, by definition keeps increasing until it 

reaches a plateau. However, the number of active infections 

start decreasing once the growth rate becomes smaller than the 

recovery rate. This is the second milestone in epidemic 

control. Once the active infections start falling the infection 

rate comes down and the epidemic may be controlled, unless 

there is a second wave of infections. Figure 1 shows the 

growth of infection in a few countries to show the typical 

pattern. 

 

Figure 1: The total infections as a function of time for a few 

selected countries. The black line with symbols shows the data 

for India. 

The left panel of Figure 1 compares the infection in India with 

other countries that have large infected population. The figure 

has y-axis on log scale and hence an exponential increase 

would be a straight line. It can be seen that most countries 

initially follow an exponential trajectory that slows down as 

the infection progresses. Further, in all these countries, the 

initial growth rate was faster than that in India, but currently 

all of them, except Russia have slowed their growth 

significantly. The right panel of the figure compares India with 

some neighbouring countries. Sweden has been included as an 

example of a country that has not enforced any lockdown, but 

has relied on voluntary social distancing from its citizen. It can 

be seen that most of the neighbouring countries have similar 

growth rate and are following similar trajectory. This could be 

due to similar climatic and social conditions in these countries. 

To model the number of infections it has been suggested [5] 

that it can be approximated by: 

                        N(t)  =
N0

2
  (1 + erf (

t−th

√2σ
)),                     (1) 

where, N(t) is the total infections up to time t, N0 is the 

asymptotic value of N(t), i.e., the final number of infections, 

th is the time when the second derivative is zero, while  

controls the time-scale of epidemic. Here erf(x) is the error 

function. The parameters, N0, , th can be fitted to actual data 

and in principle, the model can be used to predict the course 

of the epidemic. This model can be used with either the 

number of infections or deaths. Here we prefer to use the 

number of infections to avoid large statistical fluctuations due 

to small numbers in deaths. Further, the number of deaths al- 

ways lags the number of infections, as the patients die several 

days after being infected. Hence, for prediction it is better to 

use number of infections. If this model is valid then 

N(th) = N0/2 and we may expect the number of infections to 

double after this stage is reached. This would also be the 

midpoint in terms of time. The values of these parameters may 

depend on the control measures adopted, but the form is 

claimed to apply to most countries and regions. The basic idea 

is that the details of intervention measures are not important 
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and in all cases we get similar profiles, which can be made to 

match each other by suitable scaling. However, the predictive 

value of this model is not clear. It is unlikely to be useful 

unless we are at t > th, but even at this stage there is  

TABLE 1. A table giving the status of COVID-19 epidemic on 

6 May 2020 in selected countries and states. The table shows, 

the doubling time-scale t2, the recovery time-scale tr. For those 

countries which are past the point of inflection, it also gives 

the time th at that point and the percentage of population, fh 

that was infected on that day. For those countries where the 

number of active infections has started decreasing, the table 

also gives the date on which the peak was attained. 

Country t2 tr th fh Tpeak 

  (days)  (%)  

US 21.8 33.4 21 Apr 0.25 - 

Spain 34.2 27.3 02 Apr 0.24 23 Apr 

Italy 35.7 32.4 30 Mar 0.17 20 Apr 

UK 20.6 - 20 Apr 0.18 - 

France 27.0 28.8 08 Apr 0.14 28 Apr 

Germany 34.1 15.9 02 Apr 0.10 06 Apr 

Russia 9.7 21.5 - - - 

Turkey 21.8 18.1 13 Apr 0.07 23 Apr 

Brazil 10.0 10.8 - - - 

Iran 33.9 12.2 02 Apr 0.06 05 Apr 

Canada 19.2 19.1 23 Apr 0.12 - 

Peru 10.0 14.1 - - - 

India 10.9 17.3 - - - 

Belgium 26.8 29.8 09 Apr 0.22 - 

Netherlands 27.9 - 07 Apr 0.11 - 

Ecuador 12.6 27.0 - - - 

Switzerland 37.8 17.7 29 Mar 0.17 02 Apr 

Pakistan 11.9 19.0 - - - 

Sweden 20.9 30.5 19 Apr 0.14 - 

Singapore 14.0 27.9 22 Apr 0.17 - 

Bangladesh 9.1 19.9 - - - 

New York 26.6 35.4 07 Apr 0.72 - 

New Jersey 22.5 39.5 11 Apr 0.64 - 

Maharashtra 9.4 17.8 - - - 

Gujarat 10.0 16.2 - - - 

Delhi 10.5 20.5 - - - 

 

considerable uncertainty and it typically tends to 

underestimate N0. However, this model can be fitted to 

estimate th. If the estimate turns out to be beyond or close to 

the last data point, then it is not likely to be reliable. In that 

case, most likely the country or region has not reached the 

point of inflection. A more realistic model will be described in 

the next section.  

Table 1 summarises the status on 6 May 2020 in some 

countries and states in USA and India. The table gives the 

current doubling time-scale, which is obtained by the time 

interval from the time when the number of infections were half 

of the current value. The table also gives an average recovery 

time-scale which is obtained by adding the number of 

recovered persons and deaths and then checking when this 

number matched the number of infections. When the doubling 

time (t2) is greater than the recovery time (tr) we can expect 

that the number of active infections would start declining. The 

ratio tr/t2 gives an idea of how close a country or region is to 

recovery. For those countries where the second derivative of 

infections has changed sign, the table also gives the date on 

which that happened and the percentage of population that was 

infected at that stage. For those countries where the number of 

active infections have started decreasing the table also gives 

the date on which the peak was achieved.  

Currently, India is in 14th position in terms of the number of 

total infections. Among the countries above India in the list 

only Russia, Peru and Brazil have a doubling time less than 

India. All other countries have significantly larger doubling 

time, suggesting that they have controlled the epidemic. In 

recent days, India is generally among the top 10 countries in 

terms of the number of daily infections. Some of these could 

be just because of larger population of India. The initial 

growth of infection is independent of population, until the total 

infections become a sizeable fraction of the population. By 

now some countries may have reached that stage. Among 

other countries with more than 5000 infections, only 

Bangladesh (9.1 days) has doubling time of less than 11 days. 

The recovery time shows a lot of variation and some of it could 

be due to differing criterion used to define recovery, while 

some variation is expected from the variation in fraction of old 

population as they are the ones who take longer to recover. 

UK and Netherlands do not declare the number of recovered 

persons and hence the recovery time cannot be estimated for 

them. Many of the countries in the list have reached the time 

th and the epidemic is clearly slowing down, while some 

countries have also reached the peak of infected population 

and the number of active infections has started declining. 

Modelling the Epidemic 

Various mathematical models have been used to model the 

spread of epidemics and these are applicable to COVID-19 

also. It should be understood that even the most sophisticated 

of these models can only approximate the spread and may not 

have much long term predictive value. Another problem with 

many models is that they typically have a lot of parameters to 

describe various aspects and most of these parameters cannot 

be independently determined. As a result, the predictions from 

these models would depend on the values of these parameters, 

thus rendering them not very effective [6]. It is perhaps better 

to use a model with minimum number of free parameters 

which can be determined by fitting the observed data over 
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some time interval. Such models may also not capture all 

details of the epidemic, but they are conceptually simpler to 

understand.  

The simplest models are the so called Susceptible Infectious-

Recovered (SIR) model which keep track of the numbers of 

Susceptible (S), Infected (I) and Recovered (R) persons in a 

total population of N. Here the population could be for entire 

country, a region or a city. Since the model assumes the 

population to be homogeneous, it would better represent a city 

or a region with uniformly distributed population. This may 

not be true for any country, but we can still apply it. Further, 

the infected population refers to number of active infections 

and recovered population would also include the deaths as 

both are removed from the infectious stage. Hence, for 

simplicity we do not distinguish between the dead and 

recovered population and consider them in one group. If 

infection fatality ratio is known one can easily calculate the 

expected deaths from this number. The simplest differential 

equation describing an epidemic can be written as [7]: 

        
𝑑𝑆

𝑑𝑡
= −𝛼

𝐼𝑆

𝑁
 ,   

𝑑𝐼

𝑑𝑡
= 𝛼

𝐼𝑆

𝑁
− 𝛾𝐼,   

𝑑𝑅

𝑑𝑡
= 𝛾𝐼             (2) 

where  and  are two parameters defining the model. The rate 

of infection is determined by  and the rate of recovery by . 

The rate of infection is proportional to the product of I and S, 

just like that in any nuclear or chemical reaction. The 

denominator N is only for normalisation, as in principle, it can 

be absorbed in , but that will make  very small and 

dependent on population. The equation in this form is clearly 

unrealistic [8] as the people who are detected to be infectious 

today were actually infected a few days back, so the value of 

I at that time should apply. Ideally, as explained in [8] this 

should be replaced by an integral over time of I weighted by 

the probability distribution of incubation period. For 

simplicity, we assume that the probability distribution is a 

delta function, i.e., all people were infected at time t - ti. The 

same applies to recovery, as persons recovering today were 

infected several days back and again this should be replaced 

by an integral with probability distribution of recovery time. 

For simplicity, we assume that this is also a delta function and 

all persons who were infected at time t - tr recover at time t. It 

should be noted that this is not the number I(t - tr), but the 

number of new infections on that day. To simplify the model 

still further, we assume that both ti and tr have integer values 

in days. We use ti = 5 days and tr = 15 days. Further, we replace 

the differential equation by a difference equation with time as 

integer, in days from some arbitrary time taken as t = 0. We 

also need another variable D to define the number of new 

infections on that day. With this the difference equation 

becomes: 

                D(j)  =  α
I(j−ti)S(j−1)

N
                                            (3) 

                R(j)  =  R(j − 1) + D(j − tr) + βD(j)              (4) 

                 I(j)  =  I(j − 1) + D(j)  −  D(j − tr )             (5) 

                S(j)  =  N −  R(j)   −  I(j)                                   (𝟔) 

Here, the parameter  = 0 normally, but positive values can be 

used to account for the fact that there is a considerable 

evidence for a substantially larger number of persons who get 

infected but may not be detected positive by test, though, they 

 
Figure 2: The model solution for different values of  

may become immune to the disease. We try different values 

of   to see its effect. Because of the past memory in these 

difference equations, we cannot start the solution by giving 

just the initial values of the variables at t = 0. To overcome 

this, we use the actual data for a given country or region for 

the first tr days as the initial conditions and start the solution 

from j = tr + 1. This is not a serious limitation as ultimately we 

also need to fix the parameter  by fitting the observed I(t) 

over the next few days. The initial solution is not sensitive to 

parameter  and hence that cannot be determined and will not 

affect the solution over most of the time. Only when I is near 

the peak value, the solution depends on  and in fact it 

determines the peak value of I(t). It may be noted that in the 

first equation we have used S(j-1) instead of S(j-ti) as if we use 

the latter, during the declining phase S can become negative. 

We use the data for India from 1 March 2020 to provide the 

initial conditions. The actual solution starts 15 days later when 

the number of infections is larger than 100. This is done to 

avoid fitting statistical fluctuations due to small number 

statistics. The solution for different values of  are shown in 

Figure 2, while  is calculated by fitting the data for the first 

15 days (excluding the starting values). We have generally 

used I(t) to fit the data, but instead we can use the total number 

of infections and the fitted value of  is essentially same. This 

gives a value of  = 0.40. It can be seen that the peak of I shifts 

downwards with increasing  and the epidemic also ends 

about 35 days earlier for  = 50. For  = 50 the final (detected) 

infected population is about 2% of the total population. The 

reduction in peak infections has a significant implication for 

health care facilities required to deal with the epidemic. We 

generally use  = 50. Some justification for this would be 

provided in the last section. In these models the epidemic 

appears to end in about 5 months, but this period would be 

extended if the growth rate is reduced.  

The model can be checked by comparing the results with the 

observed data. There is a possibility that observed data may 

not be complete, in the sense that all infected persons may not 

be detected. For all countries, the number of infections is 

typically a lower bound on the number as some infections 

would be undetected. If the fraction of undetected cases is 

fixed then the model will still work, but if this fraction is 
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varying with time then clearly it will not apply. Because of 

that many modellers prefer to use the number of deaths, as 

those are believed to be more reliable. However, that also has 

a lot of variation, as there is no defined procedure to classify 

the deaths due to COVID-19. For example, if a COVID-19 

patient dies of heart-attack, some regions may not consider it 

as COVID-19 death, while others will. Also deaths at home 

may not be diagnosed as due to COVID-19, unless the patient 

had already tested positive for it. Further, the number of deaths 

are much smaller in number which gives larger statistical 

fluctuations. Since almost all countries do register deaths, 

epidemiologist sometimes use the excess deaths, by taking the 

total number of deaths during a period within an epidemic and 

subtracting it from the average over the same period in the last 

few years. Such studies have shown that the COVID-19 deaths 

have been underestimated by about 50% in Europe. A similar 

exercise for India came up with a negative number of deaths 

due to COVID-19, as presumably, because of lockdown the 

deaths in accidents were significantly reduced. Thus, it is clear 

that none of the numbers are reliable and we can only use the 

available data. As mentioned earlier, the serological tests have 

shown significantly larger infected population as compared to 

detected infections. Hence, value of  of the order of 10 or 

higher may not be unrealistic. 

Effect of Lockdown 

To control the epidemic various measures have been adopted, 

like, social distancing, testing and isolating infectious patients, 

contact tracing and quarantining suspected cases who could 

have come in contact with confirmed patients. A more extreme 

approach is to lockdown the region to enforce social 

distancing and to confine the potential infections. The 

effectiveness of these measures have not been estimated 

experimentally, since it is difficult to do control experiments. 

There are a number of sophisticated models which take into 

account social interaction to estimate these effects, but it is not 

clear if these have been validated by comparison with actual 

data. In any case, these models have many free parameters 

defining the compliances to measures and other aspects. The 

values of these parameters will affect the solution significantly 

and any prediction based on these models may not be reliable 

[6]. The effect of case isolation can be modelled easily. If a 

fraction q of infected cases are isolated, the parameter  would 

be multiplied by a factor of (1-q). However, it is difficult to 

estimate q independently. It is obvious that if 50% of active 

infections are isolated,  will reduce by a factor of two. If we 

can identify and isolate 80% of infected persons, the rate will 

come down by a factor of five and in all probability the 

epidemic will be controlled. Contact tracing helps in 

identifying and isolating potential future infections, thereby 

reducing the infection rate.  

Hence we take an experimental approach and estimate how 

much  has to be reduced to match the observed data. To start 

with we fix the initial value of  by fitting the initial part of 

data, typically, first 15 days. Once it starts deviating from the 

model, we decrease  in small steps for the next several days. 

This introduces two parameters, one is the factor by which  

is reduced every day and second the duration of decrease. By 

adjusting these two parameters to match observed data we can 

estimate how much  is reduced.  

 

Figure 3: Fit to data for four countries and two states. The 

red line shows the fit to initial part of data showing 

exponential growth, while the black line shows the fit when the 

parameter  is reduced gradually over some time interval. 

The time t = 0 corresponds to 1 March for India and New 

Jersey, 14 March for Maharashtra and 20 February for other 

countries. 

Figure 3 shows the result of this calculation for four countries, 

India, USA, Switzerland and Sweden as well as two states, 

New Jersey (USA) and Maharashtra (India). For India, the 

modification needs to be applied over 30 days, while for USA, 

Switzerland, Maharashtra, Sweden and New Jersey the 

modification is applied over 20, 10, 10, 8 and 6 days, 

respectively. After this the model appears to follow the curve 

very well and may have some predictive value. For US, 

Sweden and New Jersey the peak infections is reached within 

the next few weeks. The value of  at the end of this phase 

doesn't have much significance as unlike standard SIR model 

the Eqs. (3-6) use past values, so it is not the same as starting 

from an initial value. It appears that except for India all other 

regions in Figure 3 have managed to reduce the coefficient 

within 35 days of the infections reaching 100. In particular, 

Sweden did not enforce any lockdown, but still managed to 

reduce the slope within 20 days. Hence, it is not clear whether 

a lockdown is required or the effect happens just because 

citizens automatically follow control guidelines and the 

government enforces isolation of infected persons and tracing 

their contacts. Interestingly, irrespective of when the 

lockdown was enforced the slope started declining within 10 

to 15 days of region crossing 100 infections. The same is 

found to be true of Italy and Spain, which are just past the peak 

of infection. Some of this reduction could be statistical effect 

as in real world the infection may be spreading in many 

loosely connected clusters of varying size rather than one 

mixed population.  
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Because of varying  it is difficult to use this model to predict 

the growth of epidemic in India. It is possible that the model 

is not applicable due to inhomogeneities in population or 

because the preventive measures are still evolving. During 

lockdown many measures were taken and it is difficult to 

identify which were most effective. For example, if 50% of 

the infected population is isolated the infection rate will 

decline by 50%, which is approximately the reduction in 

growth rate for India. The red curve in the figure has a 

doubling time of about 4 days, which has now increased to 

about 11 days. Lockdown may help in tracing contacts of 

infected population. Restriction on long distance travel can 

help in localising the infection, though it may not reduce the 

growth of infection over the country, as the infected people 

will infect the neighbours wherever they are. Another benefit 

is that it has given us some time to boost the healthcare 

facilities across the country. The effect of these measures also 

varies from region to region. For example, Indian cities 

typically have a large fraction of population staying in slums, 

where it is difficult to enforce any social distancing. Even in 

other countries, the underprivileged population is affected to a 

larger extent. There have been other beneficial effects of 

lockdown, for example, the reduction in overall number of 

deaths, as the deaths due to accidents have been largely 

avoided, reduction in pollution which would certainly 

improve the health of citizens and reduction in carbon dioxide 

emission. Unfortunately, all these benefits are at the expense 

of economy and unemployment.  

Looking at the curve of infections in India, it has not yet 

reached the point of inflection. Hence, the epidemic would 

continue for at least, two more months and most likely longer. 

It is not clear if any country can sustain such long lockdown 

and hence economic activities need to be restarted gradually, 

even though the number of infections may keep rising. During 

most epidemics one of the factor which stands in the way of 

control is that because of the stigma attached to the disease 

and lack of confidence in the health care system, citizens do 

not report the sickness. This is a social problem which needs 

to be addressed. 

Future Outlook  

The important question that everyone wants to know is how 

the epidemic will grow and when will it end. As mentioned 

earlier no model has predictive power to calculate the growth 

over a long time interval. At best we can extrapolate the trend 

for a few weeks. That also assumes that there is no second 

wave of infections. Thus the only alternative is to look at the 

data for those countries where the epidemic started early. So 

far the only countries that have managed to control the 

epidemic for a prolonged period are China and South Korea. 

Apart from these, Taiwan and Hong Kong have largely 

contained it, except for a few fluctuations. All these countries 

have relied on case isolation and aggressive contact tracing. 

Japan and Singapore did manage to control it initially, but 

recently the number of infection there have risen significantly. 

Thus it is clear that it is not easy to keep the epidemic in check. 

More recently, Australia and New Zealand have also 

controlled the epidemic. Most European countries are trying 

to   relax  the  restrictions  as  they   are   just   past  the  peak.  

The effect of relaxation of measures need to be watched. 

In general, there are two possible scenarios for the end of 

epidemic, the first is when the number of infections are kept 

in control at low numbers and the second is when the number 

of infections is large enough so that a good fraction of 

population is immune to the disease and in that case with a 

smaller effort it would be possible to control the epidemic. 

Simple SIR or other models would suggest that the latter 

requires about 50% of the population to be immune. Looking 

at the number of infections in all countries, none have reached 

anywhere close to that. However, as mentioned earlier there 

are some reports from serological tests that a significantly 

larger fraction of population may be immune. We can try to 

estimate what is the required fraction of population that needs 

to be detected as infected before the plateau in epidemic is 

reached by looking at the data for all countries, particularly, 

those with comparatively small population where the numbers 

have approached about 1% of the population and which have 

controlled the epidemic to some extent, say have at least, 

reached the point of inflection in the curve one week earlier. 

It is not possible to locate the point of inflection if it has been 

achieved more recently, as we need some data past the point 

to check the status of infection. Such studies may give us some 

idea about the fraction of infected population required to reach 

the plateau in infections. For this purpose, we consider only 

countries with a population exceeding 10000 and where the 

number of infections is more than 100. Smaller numbers 

would obviously give larger statistical fluctuations and it is 

difficult to even determine the status of the epidemic.  

 

Figure 4: Percentage of active infections as a function of time 

for all countries that have more than 0.1% infections. The left 

panel shows those countries which are approaching the 

plateau in infections, while the right panel shows the countries 

that have not yet reached the plateau. 

Looking at the table of infections, it can be seen that as of 6 

May 2020, only two countries, San Marino and Vatican City 

have reached infections exceeding 1%. The latter with 12 

infected persons does not meet our criterion, so only San 

Marino which is the oldest and smallest republic in the world, 

surrounded on all sides by Italy, can be examined. The 

infections in San Marino (currently 608) have been rising 

approximately linearly and so far there is no peak in the 

number of active infections, though it has most probably 

crossed the point of inflection. They have tested only about 
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2660 persons for the virus and that could be limiting their 

ability to control the epidemic, but they currently have 

doubling time of 27.5 days and hence the epidemic is largely 

under control. Figure 4, shows the curve for this country along 

with others. Among the regions, New York and New Jersey 

states in USA have also exceeded 1% infected populations and 

both have crossed the point of inflection. The curve for New 

Jersey is also included in Figure 4.  

In the next bracket of 0.5-1.0% (black lines in Figure 4) there 

are five countries that meet our criterion, i.e., Andorra, 

Luxembourg, Iceland, Spain and Qatar. In the first four the 

epidemic is under control and the number of infections have 

started reducing. The only country where the daily infections 

may still be growing is Qatar (t2 = 11.4 days). In the next slab 

of 0.3-0.5% (blue lines in Figure 4), there are 10 countries, of 

these in six countries/regions, Gibraltar, Faeroe Islands, Isle 

of Man, Switzerland, Italy and Channel Islands, the number of 

active infections have started declining, while the rest, i.e., 

Belgium, Ireland, USA and Singapore have crossed the point 

of inflection, with Singapore achieving that recently for the 

second time. Similarly, in the next slab of 0.2-0.3% (cyan lines 

in Figure 4) also 7 out of 9 countries have reached the point of 

inflection. The exceptions are Bahrain (t2 = 15.1 days) and 

Belarus (t2 = 11.0 days). Even in the next slab of 0.1-0.2% 

(magenta lines in Figure 4) out of 23 countries, 17 have at least 

crossed the point of inflection. The remaining countries are 

Panama (t2 = 19.6 days), Ecuador (t2 = 12.6 days), UAE 

(t2 = 14.8 days), Peru (t2 = 10.0 days), Kuwait (t2 = 9.7 days), 

Chile (t2 = 13.6 days), Maldives (t2 = 6.8 days) and Russia 

(t2 = 9.7 days). Maldives reported almost 30% of its cases on 

30 April giving a spurt in infections. Between 0.05-0.1% only 

a few countries have reached the point of inflection. Below 

that only countries with more than 5000 infections that have 

controlled the epidemic are Australia (0.026%), South Korea 

(0.021%), Malaysia (0.02%) and China. Apart from these 

there are a few other small countries that also have infected 

population of 0.1-1.0% and all of them also appear to have 

controlled the epidemic. There is a possibility that some of 

these countries may have a second wave of infections which 

may push the numbers further up. While this cannot be ruled 

out, but considering that many countries with relatively large 

population in this list have seen controlled infections over the 

last month, it is most likely that a large fraction of them will 

end the epidemic in the next few months [9]. 

Looking at these data, it appears that with some control 

measures it is reasonable to expect that the epidemic would 

peak when about 0.1-1.0% of the population is detected to be 

infected. All the countries that have controlled the infection 

among these have used varying measures and have population 

varying by 4 orders of magnitude, yet the peak is not very 

different. Only 3 of the 25 countries with infections exceeding 

0.2% of population have not yet controlled the infection, 

though the doubling time has increased to more than 11 days 

for all these and there is a good chance that over the next few 

weeks they will control the epidemic.  The list of countries in 

this range covers a wide range from Djibouti in Africa to USA. 

It is unlikely that this is a coincidence and it appears that the 

end state is relatively independent of the measures adopted. 

The difference in the peak percentage of infection, may be due 

to population density, measures adopted to control the 

epidemic and the extent of incompleteness bias, but it is clear 

that these have only limited influence. There is likely to be 

some underlying reason for this. This fraction is much smaller 

than the number that a simple SIR or other models would 

predict. Because of this most of the models that we used were 

with  = 50, that gives a peak infection of about 2%. If this is 

true, than the number of expected infections and fatalities will 

be lower by a factor of 10-50. This does not mean that we 

should discard all measures, as obviously all these countries 

did enforce some measures. Without any measures the 

numbers would certainly be a few times higher.  

We conclude with a few remarks about the future outlook for 

India. As usual there are two possibilities, the first is if India 

is able to control the epidemic before reaching the infection 

percentage mentioned above. In this scenario, it will be 

difficult to maintain low infections as has been experienced by 

Japan and Singapore, where there was a second wave which is 

also now controlled. In this case, there would probably be 

waves of infection until the second possibility is realised. The 

second possibility is that India reaches an infected population 

of about 0.1% when the epidemic is controlled. The actual 

peak level of infection is uncertain, but considering the climate 

and other factors and some control measures, it may be 

realistic. For example, Iran reached the point of inflection at 

0.06% infections. Looking at the curve for Iran (Figure 1) it 

can be seen that they did manage to reach a plateau in 

infections earlier, but a second wave of infections pushed it 

higher and only now they have reduced the number of 

infections significantly. In fact, currently they have less active 

infections than India. Though, in the last few days there is a 

small increase in infections in Iran. Considering that the 

spread of infections in India is highly non uniform and 

restricted to some regions, the effective population may be 

smaller than the total population, and the plateau may be 

reached earlier. Currently, India has an infected population of 

about 0.004%. Considering the current growth rate, the 

plateau may be reached sometime in July. However, that may 

not be the end of epidemic as once the travel restrictions are 

removed, it may spread to other regions that have not seen 

much infections now. The current hot-spots account for a 

significant fraction of India's population and hence the later 

spread may not increase the numbers significantly but the 

control may be delayed.  

In the local hot-spots the control may happen earlier. For 

example, Mumbai currently has about 0.05% infected 

population, but considering that it is densely populated, the 

peak is not likely to be much below 1%, which may be reached 

in June. Hence, it is clear that the epidemic will continue for 

at least three more months in India. The social distancing and 

some other measures will need to continue for several months 

and we need to adapt to these measures. 
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Dr. June Dalziel Almeida (1930 –2007) the daughter of a Scottish bus driver, who left school at 16, was a Scottish virologist, 

and a pioneer in virus imaging through electron microscopy. She played a crucial role in developing new electron 

microscopy techniques for clinical diagnostic virology. In 1966, using her new techniques, Almeida was able to identify a 

group of previously uncharacterised human respiratory viruses (J. D. Almeida and D. A. J. Tyrrell, J. Gen. Virology, 1, 175 

(1967)), which were called "coronaviruses". The coronavirus family now includes many viruses including the SARS-CoV-

2 virus that causes COVID-19. 
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(https://www.microbiologyresearch.org) 
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Abstract 

Fluctuations and order are key concepts in statistical physics, generally thought to be antagonistic to each other, as strong 

fluctuations often tend to destroy order. However, this is not always so. Some systems show enormous fluctuations, despite 

which long-range order stays intact. In this article, notions of fluctuations and order in statistical physics are reviewed briefly, 

recalling definitions and connections, and their behaviour in the limit of large system size.  This is followed by a discussion of 

a state with fluctuation-dominated order, and its chief characteristics. These include scaled two-point correlation functions 

which show a cusp singularity (the Porod Law for coarsening breaks down) and multiple order parameters (just one does not 

suffice).  In conclusion, a discussion of several physical systems which show fluctuation-dominated order is presented.

Introduction1  

Fluctuations and order are two fundamental attributes of a 

statistical state, often thought to be in conflict with each other. 

Consider a familiar example to see why: a ferromagnet has an 

ordered state at low temperature, but loses order above the 

critical point or Curie temperature. Fluctuations refer to 

deviations from the average. They are small at low 

temperature  𝑇, and increase as  𝑇 increases, becoming 

extremely large at the critical temperature, where order is just 

lost. Fluctuations and order thus seem to describe opposing 

tendencies. In such systems, increasing the level of 

fluctuations weakens order, and finally succeeds in destroying 

it. 

While this is valid for the large majority of systems that show 

ordered states in equilibrium, it turns out that the 

“fluctuations-versus-order” point of view is not universally 

valid. There is a set of systems, whose number has been 

increasing over the past couple of decades, each of which 

shows giant fluctuations, much larger than encountered in 

usual statistical systems. Despite this, such systems manage to 

keep long-range order intact: fluctuations induce very large 

changes of the magnitude of order, but do not wipe it out. 

Indeed, long-range order, the technical measure that 

characterizes an ordered state, is never lost although its 

magnitude fluctuates strongly. One then says that such a state 

 

1 This article is based on a lecture given at the presentation of the 

IPA R.D. Birla Award-2018 (at TIFR, Nov. 2019) 

exhibits “fluctuation-dominated order”. From the statistical 

physics point of view, this state is very interesting as it has 

many unusual aspects.  Equally important is the fact that an 

increasing number of diverse systems have been found to 

exhibit fluctuation-dominated order.  

In this short article, we will first review the notions of 

fluctuations and order in statistical physics, recalling 

definitions and connections, and their behaviour in the limit of 

very large system size. We then discuss a state with 

fluctuation-dominated order, and its chief characteristics. 

These include two-point correlation functions (which 

encompass a breakdown of the Porod Law for coarsening) and 

multiple order parameters (just one does not suffice). We 

conclude with a discussion of physical systems which show 

fluctuation-dominated order. 

Fluctuations 

Statistical physics deals with large systems made of many 

smaller entities which interact with each other. As the size of 

the system increases, macroscopically defined quantities such 

as the overall density in a fluid system or the magnetization in 

a magnetic system are described by averages over microscopic 

configurations. Nevertheless, every such system exhibits 

fluctuations or deviations from an average value [1,2].  
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The question arises: How large are the fluctuations? As the 

system size increases, does the magnitude of fluctuations grow 

as fast as the corresponding mean value of the quantity? For 

instance, consider the number 𝑁 of molecules in a fixed sub-

volume 𝑉 of a fluid. Clearly 𝑁 fluctuates in time as molecules 

move in and out of 𝑉. If the mean value is < 𝑁 >, then a good 

measure of fluctuations is provided by the mean squared 

deviation from the average, namely  

            < ∆𝑁2 >=< 𝑁2 > −< 𝑁 >2                                (1) 

Likewise, for a magnetic system, fluctuations of the 

magnetization 𝑀 in sub-volume 𝑉 are captured by 

             < ∆𝑀2 >=< 𝑀2 > −< 𝑀 >2                               (2) 

In equilibrium systems, quantities like < ∆𝑁2 > and 

<  ∆𝑀2 > are normally proportional to 𝑉. Thus typical 

fluctuations, given by the root mean squared (RMS) values 

√< ∆𝑁2 >  and √< ∆𝑀2 >, scale as √𝑉 . Since the mean 

value  < 𝑁 > is proportional to 𝑉, the ratio 

√< ∆𝑁2 > / <  𝑁 > , of a typical fluctuation to the mean, 

scales as √1/𝑉, and thus vanishes in the thermodynamic limit 

𝑉 → ∞. 

At a critical point, fluctuations are very large. The RMS values 

√< ∆𝑁2 >  and √< ∆𝑀2 >, scale as 𝑉𝑏 where 𝑏 lies between  
1

2
 and 1. Fluctuations are much larger than normal, but 

evidently the ratio √< ∆𝑁2 > /< 𝑁 > still vanishes as 𝑉 →
∞. 

In equilibrium statistical systems, there is a remarkable 

relationship between fluctuations and response. This has a 

striking consequence: By studying the fluctuations of a 

statistical system in the absence of an applied field, we can 

predict quantitatively how the system will respond, when a 

field is applied.  

Later we will see that in a certain class of nonequilibrium 

systems, the fluctuations are anomalously large and the ratio 

√< ∆𝑁2 > /< 𝑁 > remains of the order of unity even as 𝑉 →
∞. The nature of fluctuations in such circumstances and their 

relationship with order, lead to the concept of fluctuation-

dominated order. 

Correlation Functions 

Let us turn to a microscopic description to see how 

fluctuations and order manifest themselves through 

correlations at different points in space. Consider the case of a 

magnetic system where the spin 𝑆𝑖  at site 𝑖 takes on values ±1. 

Suppose there is no applied magnetic field, but there are 

interactions between pairs of close-by spins which favour 

parallel alignment of the spins. Then the values of 𝑆𝑖 and 𝑆𝑗 at 

distant lattice sites 𝑖  and 𝑗 are not independent. We quantify 

their inter-dependence through the two-point correlation 

function [2], defined as 

                         𝐺𝑟 = < 𝑆𝑖  𝑆𝑖+𝑟 >                                             (3) 

In the next section, we will see how  𝐺𝑟  is used to define long- 

range order, a quantitative characterization of order. 

Let us turn to a description of fluctuations at a local level. For 

instance the fluctuation of the magnetic moment at site 𝑖 is 

𝛿𝑆𝑖  ≡  𝑆𝑖− < 𝑆𝑖 > .  In the disordered phase, the average 

value vanishes, < 𝑆𝑖 > = 0. A nonzero value of < 𝑆𝑖 > 

indicates that the system is in the ordered phase. Correlations 

between fluctuations are of great physical interest. Thus we 

define the two-point correlation function 

Γ𝑟 = < 𝛿𝑆𝑖  𝛿𝑆𝑖+𝑟 >  ≡  < 𝑆𝑖𝑆𝑖+𝑟 >  − < 𝑆𝑖 >< 𝑆𝑖+𝑟 >   (4) 

to quantify the degree of correlation of fluctuations. Evidently 

both 𝐺𝑟  and Γ𝑟  depend only on the vector separation 𝑟 of the 

two sites, provided we are dealing with a system described by 

a translationally invariant Hamiltonian.  

Correlation functions such as Γ𝑟  tell us a lot about the spatial 

extent of fluctuations. Typically, Γ𝑟  decays exponentially for 

large separations:                           

                                Γ𝑟 ~ exp(−
𝑟

𝜉
)                                           (5) 

where  𝜉 is known as the correlation length. There are 

multiplicative power-law correction factors ~ 𝑟−𝜆 which 

modify Eq. (5) but the exponential decay dominates. This 

form holds as long as both 𝑟 and 𝜉  are much smaller than the 

system size 𝐿.  Physically, 𝜉 indicates the size of a typical 

fluctuation. It can be measured through scattering 

experiments, as the scattering cross section is related to the 

Fourier transform of Γ𝑟 . As 𝑇 is increased, 𝜉 increases, and in 

fact tends to diverge (become infinite) at the critical 

temperature 𝑇𝑐 [2]. For instance, fluctuations of the density 

become very large in binary liquid mixtures near the critical 

point, leading to scattering of light so that the mixture appears 

milky to the eye. Since the wavelength of light is about a 

thousand times the mean spacing between molecules, it shows 

that fluctuation sizes 𝜉 become ~ 1000 in these units. 

Likewise, neutron scattering experiments in magnetic systems 

reveal the extent of correlations in such systems, and indicate 

a diverging correlation length as the magnetic critical point 

(the Curie temperature in a ferromagnet, or the Neel 

temperature in an antiferromagnet) is approached. As 𝑇 

increases beyond 𝑇𝑐, the correlation length 𝜉 falls, 

approaching zero as 𝑇 approaches infinity. 

Order 

What do we mean by an ordered state? Intuitively, we 

associate order with a pattern, and would have no difficulty in 

distinguishing the ordered states in Fig. 1 from the one which 

is disordered.  

Figure 1:  Ordered states of different sorts (a) Alternating 

arrangement (b) Single ordered phase with a simple majority 

(c) Phase coexistence with two ordered phases (d) Disordered 

state. 

Thus, in Fig. 1a the order is associated with an alternating 

pattern of colours, while Fig. 1b shows an ordered state with a 

simple majority of one colour.  In Fig. 1c the pattern is 
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associated with phase separation, which leads to the 

preponderance of one colour each on the left and right side of 

the system. Fig. 1d shows a disordered state, where no pattern 

is evident.  

Notice that when we talk about an ordered state, we do not 

insist that the order be perfect. The state of perfect order 

merely provides a template to compare our configurations 

with. Thus the first three panels in Fig. 1 depict typical states 

which are ordered, but not perfectly so.     

Long-range Order and Spontaneous Magnetization 

There are two ways in which we may approach the question 

of whether we have an ordered state or not. Below we discuss 

each in turn.  

The criterion of long-range order (LRO) relies on the intuitive 

notion that if two sites 𝑖 and 𝑖 + 𝑟 are separated by a very large 

distance 𝑟, much larger than the correlation length, then 𝐺𝑟   

defined in Eq. 1 should approach a nonzero value if we have 

order, and zero otherwise.   

 lim
𝑟→∞

lim
𝐿→∞

𝐺𝑟 →  𝑚0
2    ⇒  Long − range Order                (6a)     

 lim
𝑟→∞

lim
𝐿→∞

𝐺𝑟 →  0         ⇒  No order                                      (6b)           

Notice that the limit 𝑟 → ∞ is to be taken after the 

thermodynamic limit 𝐿 → ∞ has been taken. Figure 2, which 

depicts the decay of 𝐺𝑟 , brings out the differences in 

asymptotic values in different phases. The existence of LRO 

is associated with the occurrence of a nonzero value 𝑚0 of the 

magnetization in the system.  

 

Figure 2: The spin-spin correlation function falls rapidly to 

zero in the disordered phase above  𝑇𝐶  . At criticality the fall 

is slower. In the ordered phase below 𝑇𝐶 , it falls to a nonzero 

constant, whose value defines long-range order.  

While the disordered state is unique, the ordered phase is not. 

For the magnetic system described above there are two 

possible low-temperature phases, one with positive 

magnetization 𝑚 in which the majority of spins point up ( 𝑆𝑖 =
1 ) and the other with 𝑚 < 0, in which the majority of spins 

point down. If a magnetic field ℎ is added to the Hamiltonian, 

it favours one phase or the other. Positive ℎ favours the phase 

with 𝑚 > 0, while negative ℎ favours  𝑚 < 0.  

We define the spontaneous magnetization as 

                          𝑚𝑆 =  lim
ℎ→0+

lim
𝑁→∞

𝑚(ℎ)                                  (7) 

On physical grounds, we expect that 𝑚𝑆 should equal the 

LRO-defined 𝑚0, although a rigorous proof of this point is 

lacking [3]. It is then evident that 𝑚(ℎ) would show a jump 

from + 𝑚0 to −𝑚0 as the field ℎ crosses zero from the positive 

to the negative side (Fig. 3).  

 

Figure 3: For 𝑇 < 𝑇𝐶 , when the sign of the magnetic field ℎ 

is reversed, the magnetization 𝑚 shows a jump. The value just 

before the jump is the spontaneous magnetization. 

Phase Coexistence 

The coexistence of phases is a familiar phenomenon in 

equilibrium systems at a first order phase transition. Two 

phases which are in contact with each other each occupy a 

finite fraction of the total volume of a closed container, for 

instance the liquid and vapour phase in a fluid system, or two 

magnetically ordered phases (majority up spins and majority 

down spins) in a ferromagnetic system. Figure 1c is an 

illustration of a majority-green phase coexisting with a 

majority-red phase in a box, where green and red may indicate 

different magnetic phases or different fluid phases, depending 

on the context. 

In a three-dimensional system, the two coexisting phases are 

in contact with each other along a surface. This surface, or 

interface as it is called, has a finite width which is of the order 

of the correlation length 𝜉. Compared to the system size 𝐿 

(which is typically very large in microscopic units), the ratio 
𝜉

𝐿
 

is close to zero, implying that on the scale of system size we 

can ignore the width of the interface. Further, there is a free 

energy cost associated with the formation of the interface, and 

this is given by 𝜎𝐴, where A is the surface area of the interface 

and 𝜎 is the surface tension, which is the free energy cost per 

unit area. Two points follow immediately (i) In the total free 

energy budget, the interfacial contribution is a negligible 

fraction (of order Area/Volume) of the total, as the free energy 

of the two phases is proportional to the volume (ii) The 

interfacial free energy is minimized by minimizing the area of 

the interface. This explains why in the equilibrium state, each 

phase collects together to form a large single whole, rather 

than several pieces. 

If the variable that is ordering is conserved, then the ordered 

state is necessarily phase separated. What is the order 

parameter in this case?  Consider the Fourier transform of the 

up-spin profile 

                𝑄𝑚 = |
1

𝐿
∑

1

2
(1 + 𝑆𝑗) exp (𝑖

2𝜋𝑚𝑗

𝐿
)𝐿

𝑗=1 |                (8) 
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where 𝑚 labels the Fourier mode number, with low values of 

𝑚 labelling the longest wavelengths. Evidently, 𝑄𝑚=0 is a 

constant if ∑ 𝑆𝑗𝑗  is conserved and has the same value in all 

phases, and so will not serve the purpose. But the next mode 

𝑚 = 1 correctly senses phase separation, and thus the value of 

< 𝑄1 > serves as the order parameter.  < 𝑄1 > vanishes in the 

disordered phase, and has the value 
1

𝜋
≅ 0.318 for a 

maximally phase separated state, with all up spins in one half 

of the system and all down spins in the other half. 

Growth of Order in Time 

So far we have discussed the occurrence of ordered states in 

an equilibrium system, including the possibility of phase 

coexistence. Now let us ask for the time dependence of the 

system as it approaches an equilibrium ordered state, starting 

from a non-equilibrium disordered state. 

Consider an example: Suppose we start with a magnetic 

system at very high temperature 𝑇 ≫  𝑇𝑐 implying it is 

completely disordered, and then suddenly immerse it in a very 

low temperature environment with 𝑇 ≪  𝑇𝑐 . (This process is 

called quenching, a name that is derived from protocols used 

in the preparation of alloys.) At long times 𝑡 → ∞, the system 

heads towards the equilibrium phase-separated state, with 

long-range order in each phase. The question is: Is there a 

simple description of how order develops as a function of 𝑡? 

This question, which is central in the study of phase ordering 

kinetics [4], has an answer in the affirmative, which we sketch 

below. 

As time passes, the system passes through a sequence of states, 

depicted in Fig. 4. Ordered regions (droplets) of the target 

phases form, with the number of regions falling as 𝑡 increases, 

and the mean linear radius ℒ(𝑡) increasing, so as to conserve 

the total amount of each phase. Typically, the droplet size 

grows as a power law, ℒ(𝑡)~𝑡𝜑.  

The sequence of patterns in Fig. 4 has an interesting property, 

namely scaling.  The pattern at time 𝑡1 is related to that at a 

later time 𝑡2 by a scale factor, given by ℒ(𝑡2)/ℒ(𝑡1). Thus, if 

we were to shrink the pattern at time 𝑡2 by this scale factor, 

then the result would resemble the pattern at time 𝑡1 in a 

statistical sense, even though it is microscopically different. 

To see the effect of scaling on correlation functions, we define  

                          𝐺(𝑟, 𝑡) ≡ < 𝑆𝑖  𝑆𝑖+𝑟 >𝑡                                (9) 

where the right hand side is evaluated at time 𝑡 and < ⋯ >𝑡 

denotes an average over different evolutions up to time 𝑡 . In 

the limit  𝑡 → ∞, the system reaches the equilibrium state 

provided its size 𝐿 is finite, at which point 𝐺(𝑟, 𝑡) would 

reduce to 𝐺𝑟 . At intermediate stages, 𝐺(𝑟, 𝑡) exhibits an 

interesting scaling property [4], for large values of 𝑟 and  : 

                       𝐺(𝑟, 𝑡) ≈  𝑔0 (
𝑟

ℒ(𝑡)
 )                                       (10) 

Thus the decay of correlations as a function of spatial 

separation 𝑟 is governed by a scaling function 𝑔0(𝑦) which 

depends not on 𝑟 alone, but rather on the ratio 𝑦 = 𝑟/ℒ(𝑡), as 

illustrated in Fig. 5. The different curves in the left hand panel 

of Fig. 5 all collapse onto a single function (right panel of 

Fig. 5) of the rescaled distance 𝑦 = 𝑟/ℒ(𝑡) .This is the 

mathematical expression of the fact that the patterns at 

different times 𝑡 are similar to each other, provided we scale 

distances by the 𝑡-dependent scale factor ℒ(𝑡).   

 

Figure 4: Under a rapid quench from a disordered state, 

regions of each phase form. As time increases from (a) to (b) 

to (c), the pattern of ordered regions becomes coarser. 

Rescaling lengths by a time-dependent factor makes the 

patterns similar to each other. 

Consider two points a large distance 𝑟 apart, where 𝑟 ≫ 𝜉. 

Now let 𝑡 increase to very large values, so that ℒ(𝑡) ≫ 𝑟 holds. 

At such times, 𝐺(𝑟, 𝑡) would reach the value of long-range 

order 𝑚0
2, as at such large times, the system would have 

equilibrated over the length scale ℒ(𝑡) and 𝐺(𝑟, 𝑡) would 

follow 𝐺𝑟  in Eq. (6a). At the same time, the ratio 𝑟/ℒ(𝑡) 

approaches zero. Thus we must have 𝑔0(𝑦) → 𝑚0
2 as 𝑦 → 0. 

A nonzero value of the intercept of the scaling function 𝑔0(𝑦) 

implies and is implied by long-range order in the system. 

The sketch of the scaling function 𝑔0(𝑦) shows that the 

function falls linearly from its 𝑦 → 0 value  𝑚0
2 . This linear 

drop is significant, and embodies the Porod Law [4,5], which 

originates from the observation that the chance that the line 

joining two points a distance 𝑟 apart is cut by an interface is 

proportional to 𝑟/ℒ(𝑡). It rests on the fact that the thickness 𝜉 

of the interface is finite, and thus negligible if 𝑟 is large 

enough. This linear dependence on |𝑟/ℒ(𝑡)| translates into a 

structure factor variation  ~[𝑞ℒ(𝑡)]−(𝑑+1) where 𝑑 is the 

spatial dimension and 𝑞  is the magnitude of the wave-vector. 

This form, which holds for large values of 𝑞ℒ(𝑡), is sometimes 

referred to as the Porod tail. 

 

Figure 5: The two-point correlation function during 

coarsening.  The left panel shows the decay at different times 

On rescaling the separation 𝑟 by a time-dependent length 

ℒ(𝑡), all the curves collapse onto a single master curve (right 

panel), which defines the scaling function. 

Eventually, when 𝑡 is very large,  ℒ(𝑡) becomes of the order 

of the system size 𝐿, and cannot grow any more. At this point, 

the system reaches its equilibrium state with two phases in 

coexistence, and the pattern does not evolve further. 
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Fluctuation-Dominated Phase Ordering (FDPO) 

We now turn to a discussion of an ordered state of an unusual 

sort -- one that exhibits long-range order, but is accompanied 

by extraordinarily large fluctuations [6]. The phase ordering 

dynamics that describes the approach to this state is again 

described by the scaling form Eq. (10), but the scaling function 

𝑔0(𝑦) now shows a cusp singularity, implying a breakdown of 

the Porod Law. Finally, we will see that a single order 

parameter does not suffice to characterize the state, and a 

family of order parameters is required. 

 

Figure 6: In a thought experiment, particles (sugar granules) 

are sprinkled randomly on a fluctuating surface (a gently 

shaken handkerchief).  The steady state reached eventually 

has large regions which are granule-rich and others that are 

granule-poor, but these regions move dynamically and also 

break off and re-join. 

To start with, let us discuss these points with the help of a 

simple model system which shows FDPO. Consider a system 

of particles sliding down a fluctuating surface, in which the 

surface dynamics proceeds on its own but influences the 

particles. As an example, imagine sugar granules sprinkled all 

over a large handkerchief, which is shaken randomly and 

gently enough that granules do not fly off the surface (Fig. 6). 

Individual granules would tend to slide downward under the 

influence of gravity, but are light enough that they would not 

influence the movement of the handkerchief. This 

metaphorical example is put forward as it allows clear 

visualization of the process, yet brings out the salient new 

points of fluctuation-dominated phase ordering. This is an 

example of the passive scalar problem [7] in which a scalar 

quantity (here the density of granules) is driven by a 

fluctuating field (here the height field of the surface of the 

handkerchief). The question is how the system evolves in 

time, and what the evolution does to the density of granules in 

different regions of space. 

 

Figure 7: One-dimensional model with particles on a 

fluctuating lattice. The particles slide stochastically down 

lattice slopes, while the lattice evolves by small hills going to 

valleys and vice versa. 

In order to understand the phenomenon in the simplest 

possible model, we consider a set of particles on a one-

dimensional flexible lattice (Fig. 7) with small hills evolving 

into small valleys and vice versa, while particles attempt to 

move to a downward neighbouring site, and succeeding if the 

site is not already occupied [6]. This system is easy to study 

via Monte Carlo simulations, which show that the result is that 

particles tend to come together, although there is no direct 

attraction between them. Inter-particle correlations arise since 

the particles share a common history (that of the fluctuating 

interface), and not because of direct inter-particle interactions. 

The question is whether this tendency leads to a phase 

separated state (result: it does!), and how different this is from 

normal phase separation (result: it is very different!). 

Nature of the State 

Let us imagine the course of a thought experiment in which 

sugar granules (particles) slide on the handkerchief 

(fluctuating surface). Small hills and valleys are formed on the 

surface, and the particles tend to collect in the valleys so that 

after some time we would have small puddles of sugar 

dispersed over the surface. As time passes, the number of 

puddles falls, and the size ℒ(𝑡) of each puddle increases as a 

power of time ℒ(𝑡)~𝑡𝜑. The phenomenological description 

thus far parallels the development of order in equilibrium 

systems discussed above.  

But there are important differences. For instance, once 𝑡 is 

large enough that ℒ(𝑡) is of the order of the system size 𝐿, the 

steady state reached has quite a different character. The large 

conglomerate of particles which forms here is very dynamic, 

in contrast to the equilibrium phase-separated state, which is 

quite static. Here, the large cluster continually changes shape, 

and sometimes even sheds parts of itself, so that occasionally 

there is more than one macroscopic cluster in the system. 

There is a large scale separation of regions with high density 

and low density, so the state is indeed phase separated, and has 

long-range order. An important point is that the interfacial 

region between phases is extremely broad. However, never in 

the course of evolution does the state lapse into a disordered 

configuration with mixing at a microscopic level. It is evident 

that this ordered state is very different from that describing 

phase coexistence in equilibrium systems, in that there are 

enormous fluctuations in the shapes and even the numbers of 

the ordered regions. This is what is meant by fluctuation-

dominated order. 

Cusp Singularity and Breakdown of the Porod Law 

 

Figure 8: Scaling functions in phase ordering towards an 

equilibrium state (left panel) and with FDPO (right panel). 

The cusp in the curve on the right indicates that the Porod Law 

breaks down. 
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To put things on a more quantitative basis, let us ask how the 

two-point correlation function 𝐺(𝑟, 𝑡) behaves in FDPO. 

Monte Carlo simulations performed at different times show 

that as with phase ordering kinetics evolving towards 

equilibrium, when the separation 𝑟 is scaled by ℒ(𝑡), all the 

curves collapse onto a single master curve which defines the 

scaling function 𝑔0(𝑦). The fact that 𝑔0(𝑦 → 0) is finite 

implies that the system exhibits LRO. 

Figure 8 contrasts the scaling functions observed in phase 

ordering towards an equilibrium state (left panel) and with 

FDPO (right panel).  The unanticipated and most significant 

difference between the two is the extremely rapid drop of 

𝑔0(𝑦) as y increases from 0 in the case of FDPO; in fact, a 

quantitative analysis indicates that there is a cusp singularity 

of the form [6] 

              𝑔0(𝑦) ≈  𝑚0
2 − 𝐴 |𝑦|𝛼 , as 𝑦 → 0 .                     (11) 

The exponent 𝛼 < 1 indicates there is a cusp, in contrast to the 

linear drop seen in the case of phase ordering towards an 

equilibrium state. 

This cusp singularity is a hallmark of FDPO and marks a 

breakdown of the Porod Law. Recall that this law rests only 

on the natural-sounding assumption that the interface between 

two phases has a finite thickness. This is precisely the 

assumption that breaks down in FDPO, as the interfaces 

between phases are extremely broad, and in typical 

configurations, the interfacial region covers a finite fraction of 

the system size. This key feature of FDPO leads to the cusp in 

the scaled correlation function. Going to Fourier space, we see 

that the Porod tail in the structure factor for large values of the 

wave-vector is now replaced by ~[𝑞ℒ(𝑡)]−(𝑑+𝛼). 

The numerical results which point to a cusp singularity are 

supported by an analytic calculation for a closely related 

coarse-grained depth model of the fluctuating interface [6], 

which shows that Eq. (11) holds, with 𝛼 = 1/2. The 

numerically determined values of 𝛼 depend on details of the 

surface dynamics, but for the model pictured in Fig. 7 the 

value is indeed close to 0.5. 

Multiple Order Parameters 

In the discussion on phase-separated states in equilibrium, we 

saw that the expectation value of the magnitude of the first 

Fourier mode  < 𝑄1 > serves as the order parameter.  In the 

FDPO steady state, however, a single Fourier mode does not 

suffice to properly characterize the order [6,8], as explained 

below. 

In a Monte Carlo study of the evolution of the system in steady 

state, the time series of the first few Fourier modes 𝑄𝑚(𝑡) for  

𝑚 = 1,2,3 … were monitored together, and interesting 

correlations were observed: 

(i) For most values of the time 𝑡, it was found that  𝑄1(𝑡) has 

a substantial value, while 𝑄2(𝑡), 𝑄3(𝑡) … are much 

smaller.  

(ii)  It is seen that the system occasionally passes through sets 

of configurations in which   𝑄1(𝑡) is very close to zero. 

Examination reveals that at these times, the next Fourier 

mode 𝑄2(𝑡) usually picks up in value. 

(iii) Less frequently, both 𝑄1(𝑡) and 𝑄2(𝑡) are found to be 

small, but in that case, 𝑄3(𝑡) usually picks up, and so on. 

This indicates that for a complete description of the system, it 

does not suffice to specify just < 𝑄1(𝑡) >, as 𝑚 = 1 is not the 

only Fourier mode of importance. For a fuller description, we 

need to specify the multiple order parameters < 𝑄𝑚(𝑡) > for 

𝑚 = 1,2,3 … Our simulations indicate that for hard core 

particles sliding on a fluctuating line, the values of < 𝑄𝑚(𝑡) >  

are ≅ 0.18, 0.09, 0.07 for 𝑚 = 1,2,3 respectively [8]. In 

principle, an infinite set of order parameters is required, but 

the falling amplitudes indicate that larger values of 𝑚 are 

relatively infrequent, and hence less important. 

What is the meaning of these multiple order parameters? As 

discussed earlier, the largest cluster of particles that forms is 

macroscopic in size, but it is highly dynamic and occasionally 

breaks into a small number of macroscopic clusters which are 

smaller. It is evident that when this happens, Fourier modes 

with higher values of 𝑚 pick up in value. The multiple order 

parameters that we have identified thus relate to interesting 

“make and break” aspects of the FDPO cluster dynamics in 

steady state. It is important to underscore that the broken 

clusters are still macroscopic, so that the dynamics keeps the 

system within the subspace of ordered configurations. 

Systems which exhibit FDPO 

We have illustrated the occurrence and properties of FDPO 

with the help of a single model, namely particles driven by a 

fluctuating surface. However, it is clear that the concept of 

FDPO as a type of ordered state with very large fluctuations, 

is much broader and might be expected to arise in other 

contexts as well. This is indeed the case. Systems in quite 

diverse physical settings do seem to display FDPO-like 

signatures, and we give a brief account of these below.  

Particles sliding down a fluctuating potential: FDPO is found 

to be robust with respect to changes in the model, such as the 

ratio of the sliding rate to the lattice fluctuation rate [6]. 

Moreover, the cusp exponent 𝛼 is unaffected by such changes. 

However, if the surface fluctuations break up-down 

symmetry, the universality class changes: FDPO stays, but the 

value of 𝛼 changes. Further, the occurrence of FDPO is robust 

with respect to change of spatial dimension, and is observed 

with sliding particles on two-dimensional fluctuating surfaces 

too [9]. 

Passive particles carried by a highly compressible fluid: There 

is an exact mapping between this problem (with the fluid 

represented through a noisy Burgers equation) and that of 

particles sliding on a stochastically growing surface, where 

fluctuations break up-down symmetry. Hence results obtained 

for the latter can be translated to the fluid context. 

Active nematics: This system is of great interest in the field of 

active matter. A model of passive particles which are advected 

by fluctuations of a nematic field shows that FDPO prevails 

[10]. A great deal of work has been done on a model of apolar 

rods whose movement depends on the orientation [11]. A 

Monte Carlo study suggests that the density of rods exhibits 

FDPO [12] in a certain range of parameter values. On the other 

hand, a recent coarse-grained hydrodynamic study of the 
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problem concludes that active currents lead to power-law 

correlations in the density field, preventing phase separation 

[13]. 

Vibrated rods: Experiments on a tray full of rods vibrated over 

long times reveal giant density fluctuations which grow faster 

than the square root of the number [14]. The analysis carried 

out in [12] shows that the data is consistent with a leading 

linear dependence of fluctuations on number, with subleading 

corrections that come from FDPO-like correlations in the 

density. 

Actin-stirred membrane: In the context of phenomena at the 

surface of a cell, collective dynamics of active polar filaments 

can lead to the formation of asters, which form and disappear 

at a certain rate, but survive long enough to cause molecular 

clustering [15]. The mechanism: Molecules are drawn in 

towards the centre of the aster, much as particles fall into 

valleys in the model considered above. A study of the 

molecules-in-aster model shows that a large region of 

parameter space shows FDPO, manifested through violation 

of Porod behaviour and macroscopic fluctuations in steady 

state. 

Inelastically colliding particles:  When particles collide 

inelastically, the coefficient of restitution depends on their 

velocity of approach. Incorporating this physical effect, the 

free collapse of a system of particles in one dimension was 

studied in [16], showing that the density structure function as 

well as velocity structure function show a violation of the 

Porod law. 

Equilibrium Ising model with long-range interactions: A one-

dimensional nearest-neighbour Ising model with additional 

truncated long-range interactions falling as 1/𝑟2, has a line of 

transitions in the temperature-coupling plane. In [17] it was 

shown that along a portion of the transition line, normal 

critical behaviour is replaced by FDPO. The scaled order 

parameter correlation function is shown to exhibit a cusp 

singularity, with the cusp exponent 𝛼 varying continuously 

along the line. 

In conclusion, FDPO embodies the idea of a type of ordered 

state whose dynamics is dominated by very large fluctuations. 

A key signature of the state is the cusp singularity in the scaled 

two-point correlation function, which signals a violation of the 

Porod Law. FDPO has proved to be a concept of genuinely 

wide applicability, as evidenced by the wide variety of 

systems which carry signatures of such a state.  
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Abstract 

I introduce the need to study interactions between cold and trapped species of atoms, molecules and ions very carefully for an 

understanding of quantum many particle systems. The experiments at RRI, which are devised to measure such interactions, 

that is hybrid trap experiments are described. Some results of interactions between trapped atoms and ions are discussed as 

well as non-destructive measurement of interactions using cavities.   

Introduction1  

From the early years of the 20th century, quantum mechanics 

has redefined how science explains the world around us. 

Quantum mechanics is not just a new theory, but it is a 

philosophical departure from classical thinking and 

analysis [1]. It is classical experience which builds our 

intuition and understanding as we learn. The difference 

between classical and quantum approach is so stark that, only 

at universities when physics is taught, the first proper exposure 

to quantum mechanics results.  Consequently, most people go 

through their lives without knowing the basic rules which 

govern natural phenomena.  

While the above statement might seem extreme, given that 

there is much which can be explained by the application of 

classical physics, it is regrettably true. Historically, physics 

has been a reductionist science, that is, it makes an effort to 

capture the essence of the phenomenon, without worrying 

about a host of accompanying details, which are treated as 

measurable effects on top of the essential phenomenon. This 

approach leads to a very powerful set of simply stated 

principles, on which rests the basic understanding of modern 

physics.  

However, this reductionist approach has its drawbacks. The 

key issue is in the description of interacting systems with few 

and many particles, where dynamical approaches tend to fail. 

In such a scenario, we appeal to the statistical behaviour of the 

system, or in certain special cases, exploit convenient 

symmetries to reduce complex and intractable problems to 

something more manageable. However, the level of 

 

1 This article is based on the lecture given at the presentation 

of IPA P.K. Iyengar award 2018. 

predictability for such systems is quite limited and the 

workaround to this impasse is the construction of models for 

interacting systems, with the aim of capturing the essential 

properties. This is very hard, and a century of progress along 

such lines, with quantum theory as its backbone, still leaves 

major problems across fields unsolved.  

The pivot on which accuracy of the physical models rests is 

the precise knowledge of the interactions between the 

constituents of the model. Interactions can be isotropic, 

anisotropic and even tensorial in character, and short or long 

range. These interactions need to be known minimally 

between two particles, so that our efforts with the models can 

improve. The question then arises, how do we get to know 

these interactions better? How do we measure these? 

While we still struggle with older and more recent interaction 

related problems and work towards solving them, the 

application of quantum mechanics and electromagnetism has 

led to a technological revolution. As an example, the number 

of Nobel Prizes awarded and other path breaking research 

bundled into a mobile phone, is staggeringly large. The 

precision with which we can engineer electromagnetic probes 

and environments for quantum systems is more than sufficient 

to start answering the question posed for interactions above. 

To encapsulate in a nutshell, can we now study and measure 

interactions between carefully prepared quantum systems? 

The answer is a definitive yes. There are many lines of attack. 

The way we do it in the Quantum Interactions (QuaInt) 

laboratory at the Raman Research Institute, using hybrid traps 

for multiple species, is described below.    
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The Systems  

To study interactions, we need to identify the appropriate 

quantum systems. While multiple systems exhibit quantum 

behaviour, we need very well characterized systems. Atoms, 

molecules and their corresponding ions are ideally suited for 

such experiments. For these, the properties of the individual 

system can be calculated with great precision using 

computational methods. As an example, in Figure 1, we 

illustrate the power of numerical methods to understand the 

ultracold collision between an atom and an ion. In such a 

system the wave functions of the colliding system can be 

accurately determined, as shown. It is worth noting that these 

are amongst the few systems which occur in identical copies 

naturally, and so with some effort, which has ushered in a 

minor revolution in physics, the creation of an ensemble of 

quantum mechanically identical particles, which can be 

experimented on with precision, and in large numbers is now 

possible [2-10]. The problem of interacting systems can 

therefore be framed as: assume a collection of atoms2, ions or 

molecules and their mixtures, how do they interact with each 

other? What is required to quantify the interactions? 

 

Figure 1: The molecular ion ground state potential energy 

curve for the Li-Li+ (Lithium molecular ion) showing the 

bound state and scattering state wave functions. The low 

energy scattering state wave function (red dashed) is the 

domain of interest for cold, dilute gas physics, where the 

quantum effects in interactions between atom and ion most 

strongly manifest, as it is just above the dissociation limit. The 

blue solid curves are some of the molecular ion bound states 

and the purple dashed is the scattering wave function at 1 K 

above the dissociation limit (shifted far above for clarity).   

In addition to identical and characterized quantum systems, 

the details of the state of motion for each of the atoms is 

required. In a gas of atoms this is hard to do, unless one cools 

down the gas very close to absolute zero and so slows the 

atoms down. This in combination with the possibility to trap 

the atoms is required, so that the interactions between them 

can be precisely studied. Therefore, critical to the study of 

 

2 The term “atoms” is henceforth used to imply atoms, ions, 

molecules- unless specified explicitly. 

interactions is the cooling and trapping of atoms, ions and 

molecules [2-8]. The invention of lasers which are coherent, 

monochromatic and bright, is the critical transformative 

technology, which helps control both the internal state of the 

atoms, as well as their motional states.  

One of the more significant experimental developments 

towards the end of the 20th century is the development of 

cooling and trapping of atoms, ions and molecules [11,12]. 

The cooling is made possible because the atoms are identical 

and the laser can be tuned to be absorbed and radiated by these 

atoms. In the process of light interactions with atoms, energy, 

momentum and angular momentum are exchanged with the 

atoms. By interaction of light with the internal state of atoms, 

the motion of the atoms and therefore their dynamics, is 

transformed. So, with clever manipulation of laser fields, 

atoms can be cooled to micro Kelvin temperatures and 

lower [11]. When this laser cooling is combined with 

electromagnetic gradient fields to form traps for the cooled 

atoms, we can then create very cold ensembles of atoms, 

molecules and ions which are spatially trapped [11,12].  

It then follows that those systems which are well understood 

as standalone quantum systems are, via cooling and trapping, 

available in identical copies in large numbers and are therefore 

the natural choice for the study of interactions in the quantum 

regime [7-12]. Laser cooled and trapped atoms, ions and 

molecules have created specifically tailored ensembles of 

these and led to a vast array of experiments, ranging from 

quantum (Q) degeneracy [7,8], Q simulations [11] and Q 

computation [10] to list a few. In the overwhelmingly large 

number of cases a single cold species (such as atoms, or ions 

or molecules) is confined, cooled and its state is prepared so 

that it can be appropriately manipulated and studied. In recent 

times, experiments with mixtures of gases have taken root, and 

as an extension experiments with mixture of species. This is 

required to explore the range of possible interactions and 

anisotropic, long range effects. When mixtures of species are 

co-trapped, the traps are called Hybrid Traps, as they combine 

multiple technologies in non-trivial ways to study mixtures of 

species. Our Quantum Interactions (QuaInt) group at RRI has 

explored the interaction between multiple co-trapped species 

in Hybrid Traps [13-15].   

Accessing the Quantum Regime 

In general cooling of the trapped species is required such that, 

under fairly well controlled conditions one can reach regimes, 

where the trapped atoms are better expressed by their wave 

functions rather than their specific position and momentum 

coordinates. This is a sufficient condition for quantum effects 

to manifest when the interactions between the atoms is 

accurately described. A consequence of lowering the kinetic 

temperature of the atoms is that collision cross sections are 

several orders of magnitude greater than at room temperature 

equivalent energies and the time taken for a collision increases 

as an inverse function of the relative velocity, since given for 

a specific  range  of  the interaction, the time spent within the  
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Figure 2: The linear Paul trap with four rf electrode rods in quadrupole arrangement and dc end cap electrodes is shown. This 

arrangement traps the ions within the purple ellipsoid denoting the maximum extent where an ion can be trapped. The red 

sphere at its centre represents a MOT of Lithium and is photographed in the inset. The magnetic field coils produce the gradient 

quadrupole magnetic field, which linear Zeeman shifts the Li atoms allowing them to be cooled by red detuned lasers as shown, 

forms the MOT coincident with the intersection of the cooling lasers and the zero of the magnetic field. Ions (Li+ or Ca+) can 

be created by multi-photon ionization of atoms and they can be imaged using fluorescence or destructively detected. Extraction, 

deflection and steering electrodes allow the ion to be detected on a position sensitive detector at the far end.  

range increases with decreasing velocities. In such a situation, 

the particular value of the quantized angular momentum of the 

colliding partners start making a big impact on the collision. 

In other effects, as the kinetic temperature lowers, trapped 

particles get more delocalized and the overlap of the spatial 

wavefunctions (de Broglie) associated with the atoms leads to 

the manifestation of quantum degeneracy (Bose and Fermi) in 

identical particle systems [7,8]. 

For quantum interactions in identical particles, one can also 

allow for exchange processes to manifest. In such cases, we 

can see measurable effects of the exchange experimentally, 

even at much higher temperatures. 

We explore many of these scenarios in our experiments as 

shown below. 

Motivation 

A critical innovation of the experiments at RRI is the fact that 

we can trap multiple species, with overlap so that their 

interactions can be studied. While the interaction between 

atoms is very extensively studied, all the way to quantum 

degeneracy, the interaction between cold trapped atoms and 

its ions, molecular ions, molecule and atom interactions, 

molecule-molecule interactions are studied far less. This is 

partly because such experiments are intensive on resources 

and demanding of precision, even for a single species 

experiment. So what is gained by expanding beyond atoms as 

the prototype ideal quantum system? Atoms at cold 

temperature exhibit short range isotropic interactions. The 

answer leading into the studies which are described below, and 

one of the foremost reasons to venture beyond, is to get a grasp 

on different types of interactions and in addition to that, for 

anisotropic interactions, which in atoms are accessible via 

magnetic dipole-dipole interactions.  

As magnetic dipole-dipole interactions are relative weak 

compared to their electric counterpart, the motivation to work 

with hetero-nuclear molecules which exhibit electric dipole 

moments is natural, when the objective becomes long range, 

anisotropic interactions. While trapped ion-ion interaction is 

Coulombic (∝ 1/𝑟) in nature, species X-neutral interaction in 

their asymptotic form can be ( ∝ 1/𝑟𝑛 ), where 𝑛 takes values 

from 2 to 6, depending on the species that are interacting. As 

discussed above, this variation in interactions is required to 

make headway for a wide class of physics problems, which 

press for a solution.  

Experimental Strategies and Development 

To trap two different species so that they can interact, requires 

two different trap mechanisms to be in place simultaneously, 

with overlap. It is therefore very important to have compatible 

trapping strategies. Since laser cooling proceeds 

simultaneously, it is desirable that there be no interference 

between the cooling and trapping mechanism for the two 

species whose interaction is to be measured. Early 

experiments in the Quantum Interactions lab RRI were 

developed with the idea of trapping atoms and ions 

together [13]. This required the engineering of an apparatus 

capable of simultaneous trapping and cooling of cold atoms 

and cold ions  which we were among the first to do.  The 

design comprises building a linear Paul trap with a distance of 
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Figure 3: The Molecule-Ion-Cavity-Atom (MICA) experiment. The MOT is in the middle of the apparatus, and the magnetic 

centre, the intersecting beam centre, the ion trap centre and the cavity axis has to be in very precise alignment. The detail of 

the ion trap is shown at the bottom left. The red wire electrodes are the end cap dc electrodes and the blue central wires are 

the rf electrodes. Alternatively the linear electrodes can serve as rf electrodes for trapping the ion. The intra-cavity coupled 

field is shown as the standing wave, and this is the mode which couples the cavity and atoms strongly. The effect of strong 

coupling of atom-cavity and the principle for non-destructive measurements is shown. 

10 mm between neighbouring electrodes, and the end cap 

recessed far away so that the cooling beams for the vapour 

loaded magneto-optical trap (MOT) would intersect at the ion 

trap centre [13]. The original experiment was made to work 

with Rb and Cs. The next generation experiment which is 

more advanced in several ways, but in the spirit of the original 

experiment is illustrated in Fig. 2, is built to work with lithium 

(Li) and calcium (Ca), where a MOT of cold lithium atoms is 

shown. 

The most desirable experiment is one where non-destructive 

detection of interactions between the trapped particles occurs. 

For this, we need to imagine an apparatus with capacity 

beyond the ion-atom experiment. Since light is the most 

versatile tool on the quantum optics work bench, to measure 

the interactions using light is the favoured option. The concept 

of the Molecule-Ion-Cavity-Atom (MICA) experiment is 

rooted in harmonic oscillator physics [14-17]. Here an optical 

cavity is constructed so that the atom and ion trap are well 

centred with the mode volume of the optical cavity. The cavity 

is a high quality resonator for light, as is atom. When atoms 

are centred in the cavity mode, and the cavity and atomic 

transition frequency is tuned into resonance, there is a strong 

coupling of the two oscillators, and as a result the resonant 

frequency for the atom-cavity coupled system is exhibited by 

a split in the transmission frequency of the probe light through 

the cavity. The transmission of the cavity exhibits normal 

mode splitting, above and below the absence of transmission 

at the resonant frequency. The extent of the split is determined 

by the atom-cavity coupling, 𝑔0 and is proportional to the √𝑁𝐴 

, where 𝑁𝐴 is the number of atoms coupled to the cavity 

mode [17]. In this way the atom cavity-mode coupling 

exhibits as a frequency difference which is easily measured. 

This atom-cavity coupled system can now be used for 

detection of interactions as we play one interaction against 

another. Let another atom, molecule or ion denoted by 𝑋 be 

co-trapped with the atoms in the cavity mode. As the atoms 

interact with 𝑋 the atom- cavity collective strong coupling 

weakens. This manifests as a reduced normal mode split, 

which can be easily measured and compared to the situation 

where  𝑋   is absent [18]. The difference is the measure of the 
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Figure 4: Schematic of cooling by charge exchange (swap cooling). The ions and atoms are both initially trapped, with the ion 

being energetic and oscillating in its trap (red solid). The atom is very cold and is at the bottom of its trap (blue solid). When 

a glancing collision occurs, the dynamical state of the particles changes slightly. However, because the ion is derived by 

ionizing the atom, the electron sees two identical cores during collision and can swap with a probability of 1/2. In this case 

post collision, a fast atom leaves the trap in a single shot with a large velocity and a cold ion results at the centre of both traps.  

atom-𝑋 interaction, and depending on the precision of 

information of the dynamical state and numbers of the atoms 

and 𝑋, we can measure the interaction with varying precision. 

This principle can be expanded to measure fields as well, and 

there are also other possible non-destructive measurements 

with atoms, molecules and ions with cavities, which are 

beyond the scope of the present article [19]. The experimental 

design of the MICA experiment and the details of the principle 

of non-destructive detection is illustrated in Fig. 3. The 

apparatus, is a one of a kind trap for atoms, ions, molecules 

and light and is therefore conceptually primed to measure 

interactions in the quantum regime between the cooled and 

trapped species. Below we briefly describe a few key results 

with the experiments described above. 

Results 

The Rb atoms are laser cooled to form a MOT in the linear 

Paul trap [20,21] similar to that shown in Fig. 2. the simplest 

way to co-trap an ion is to resonantly two-photon ionize a cold, 

trapped atom at the centre of the ion trap. When this is done, a 

mixture of Rb atoms and Rb ions is created. On doing so, the 

Rb+ ions were very efficiently cooled by the Rb MOT 

atoms [15,20,21]. This was unexpected from the canonical 

treatment of trapped ion cooling by collisions with cold atoms, 

where only collisions with lighter mass atoms were expected 

to cool the ion. In the case of equal mass, neither heating nor 

cooling was expected, though in reality in such a case, due to 

trap imperfections and other mechanisms, the equal mass ion 

gains energy, and if the cold atom has higher mass than the 

trapped ion, rapid heating of the ion results [22]. These 

conclusions are borne out by experiments over the decades. 

We explained the rapid cooling of Rb+ ions by a MOT of 

localized Rb atoms due to two independent mechanisms 

cooling mechanisms. The canonical understanding of trapped 

ion atom elastic collision described above was for the situation 

when the atoms were present as a uniform buffer gas 

throughout the ion trap [22]. This meant that the trapped ion 

was most likely to collide with an atom away from the ion trap 

centre, in the grip of forced oscillatory motion from rf fields 

of the Paul trap. In a Paul trap, the ion is dynamically trapped 

by a combination of time dependent rf fields and dc 

potentials [1]. This means that the trap for the ion is time 

varying and direction dependent and the condition for trapping 

requires that the instantaneous motion of the ion be properly 

synchronized with the instantaneous trapping field. If in 

collision, the state of its motion of the ion alters in direction, 

it loses synchronization with the trapping field, as a result 

gains energy from the time varying potential and exits the ion 

trap. This results in the canonical conclusions reached above 

for collisional cooling and heating of trapped ions, with elastic 

collisions [22].  

In our experiments, the MOT atoms are localized in a small 

volume and co-centred with the ion trap. In this case, at the 

ion trap centre, the rf potential tends to vanish in the first order, 

leading to collision dynamics on an approximately flat 

potential. This implies that, if the ion has higher kinetic energy 

than the atom, it will lose energy on collision, irrespective of 

the mass ratio of the ion to the atom. Therefore, a localized 

and centred ensemble of the trapped atoms at lower kinetic 

temperatures than the ions will cool the ions [20,23]. In our 

experiments we measured rapid cooling of Rb+ ions by Rb 

atoms, which could not be explained by elastic collisions 

alone [20]. We therefore postulated a new mechanism, apart 

from cooling by localized ensemble of atoms via elastic 

collisions. This is a completely quantum process, which 

involved the transfer of an electron from the atom, to the 

daughter ion. This process conserves both energy and 

momentum as there is no change in the internal energy of the 

post exchange fragments. We call this process “swap cooling”, 

which is a consequence of symmetry and quantum physics 

with no classical analogue [20]. The mechanism illustrated in 

the panels of Fig. 4, is an example of a quantum interaction 

exploiting symmetry, which is active over a wide range of 

collision energies. If a swap collision takes place in a glancing 

collision between atom and ion, then we have a very cold ion 

at the trap centre, and a fast atom carrying away all the kinetic 

energy of the pre-collision ion. This atom escapes to infinity 

leaving a colder mixture. Swap cooling has been shown to be 

between ~39 to ~154 times more efficient at cooling the ion 

per collision, than an elastic collision, in recent experiments 
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with Cs and Rb mixtures [24]. In other experiments we also 

show that lighter mass ions are cooled by heavier mass MOT 

atoms, thus validating our cooling mechanism for trapped 

centred, localized cold atom ensembles [23]. This leads to an 

interesting consequence with respect to thermalization of the 

lighter ion with the heavier MOT atoms, which depends 

strongly on the spatial extent of the cold atom reservoir and 

only in the limit of near zero size, on the temperature of the 

reservoir. In this manner we developed conceptually and 

experimentally demonstrated two new mechanisms of trapped 

ion cooling, which lead to many possibilities going forward. 

The heavier trapped molecular ions Rb2
+, have exceedingly 

long trap lifetimes but are found to be unstable due to 

photodissociation, which has also been an object of extensive 

study [25]. 

In experiments with atoms coupled to cavity, we have 

demonstrated the collective strong coupling of Rb atoms to the 

cavity mode [14,17,18,26,27]. An illustration of the collective 

strong coupling signal for weak probe light transmission 

through the cavity is shown in the bottom panels of Fig. 3. 

This has been done for both two level and multi-level 

atoms [14,17]. The technique described in the section on 

experimental strategies for non-destructive detection of ions 

by strong coupling with atoms has also been developed, and 

this has been used to measure the trapped ion number density 

co-trapped with the atoms [18].  Cavities and molecules 

usually do not combine well in this regime of temperatures 

and small numbers. We have however devised ways to do non-

destructive detection of trapped molecules [19]. A new 

experiment has started to be put together to work effectively 

with molecules and measure interactions between them.  

The interaction between the resonant cavity mode and atoms 

is extremely rich and a number of experiments have been 

performed in our lab, to explore the nonlinearity that 

results [27-29]. This nonlinearity can manifest as an optical 

switch, which can be adapted in the future to do very sensitive 

detection of interactions. One remarkable phenomenon that is 

routinely observed in our experiments is the competition 

between spontaneous and stimulated emission of the 

resonantly driven MOT atoms by their cooling beams, and the 

cavity mode that results due to the optical interaction of the 

atoms with the optical resonator that the cavity represents [26]. 

The cavity coupling of light resonantly scattered by the driven 

atoms is therefore a whole new objective of research. 

Conclusion 

The experiments at the Quantum Interactions Laboratory at 

RRI and science described here explore quantum interactions. 

In addition, the experiments allow the opportunity to discover, 

as the mixture of systems put together are often not well 

understood enough, due to the complexity the interactions 

bring to the combined system, which is the goal. Much more 

experimentation is needed to make headway in the problems 

defined in the introduction, and it is clear that our approach 

provides a great platform to attack these. The future is rich for 

quantum physics with hybrid trap experiments.  
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Abstract 

Vanadium oxide based thin films/coatings have been extensively studied by researchers due to both thermo- and electro-

chromic properties. Among all vanadium oxides, particularly VO2 and V2O5 have shown a reversible phase transition at positive 

temperatures. This phase transition results in change of its thermo-optical properties (optical transmittance, IR emittance and 

electrical resistivity). The present technologies for thermal management in spacecraft can be ineffective in future because the 

stringent requirements of micro- and nano-satellites necessitate the requirement of smaller and smarter thermal control 

subsystems to control the other sub-systems/payload in the permissible operating temperature. In this communication, various 

requirements of thermal management in spacecrafts, consequently developed vanadium oxide based thin film coatings and their 

functional behaviours are discussed. Further, the challenges encountered by the researcher for possible future 

commercialization of vanadium oxide based thermochromic coating are also presented. 

Space environment and thermal control in space 

Spacecrafts or satellites normally operate in harsh 

environment subjected to huge external (in space) temperature 

swings from -150°C to +150°C, in general [1]. Thus, one side 

surface of the spacecraft can directly face the sun and other 

side surface faces deep and cold space. This process produces 

large temperature gradient between sunlight (i.e., Sun load) 

and shadow sides. However, the various components of 

spacecraft operate at maximum efficiency only within a small 

temperature range. Outside of this range, either their efficacies 

go down or their service life reduce [1-2]. Further, under 

certain conditions those components or sub-systems may not 

work at all. 

With proper heat exchange by three modes of heat transfer 

such as conduction, convection and radiation; any equipment 

or machines on Earth can be operating in-service condition 

either in extreme cold or hot environments. However, in space, 

because of the prevalent vacuum, heat transfer is restricted to 

only radiation which is indeed a poor substitute for convection 

and conduction modes. Under this stringent circumstance, it is 

a great challenge to keep the operational temperatures of 

different components or sub-systems of spacecraft 

maintained. This is achieved by proper thermal design.  

Considering a spacecraft far away from Earth’s atmosphere 

and assuming that it does not have any internal power 

dissipation, the steady state temperature of spacecraft can be 
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expressed by the following energy balance equations (1) and 

(2) [2]: 
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where, T is the absolute temperature of the spacecraft,  S is the 

solar constant (e.g., the yearly average value at Earth is 1366 

W m-2), σ is the Stefan–Boltzmann constant (56.7×10-9 Wm-2 

K–4), AP is the projected surface area of the spacecraft 

perpendicular to solar rays, A is the total surface area of the 

spacecraft; α is the solar absorptance and ɛ is the thermal 

emittance of the exposed surface. 

It can be seen from equation (2) that the temperature of a given 

area of the spacecraft is directly controlled by the α/ɛ ratio as 

solar constant S, Stefan–Boltzmann constant σ, projected 

surface AP and total surface area of the spacecraft A are 

constants. Hence, materials or coatings having different α/ɛ 

ratio can  be used on spacecraft for different thermal control 

applications. 

Need for smart thermochromic coatings 

The initiation for development of miniaturization of satellites 

e.g., micro- and nano-satellites (scientific spacecrafts with 

greatly reduced size and mass) necessitate the requirement of 

smaller thermal control sub-systems. Further, the thermal 

controls of these spacecrafts require smaller instrumentation 

which will be different from more traditional situations. In 

particular, the miniaturization of spacecraft provides low 

thermal capacitance when repeatedly subjected to large 

temperature difference due to generation or liberation of heat. 

Conventional thermal technologies, such as heaters, 

thermostats, heat pipes, coolers and louvers will certainly not 

be appropriate to meet the requirements of these new 

spacecraft as those are generally too heavy and due to their 

bigger sizes consume large amount of power. The variable 

emittance coatings which can change the effective infrared 

emissivity and hence, the radiative heat transfer rate along 

with automatic modulation capability will be the obvious 

future choice for “adaptive” or “smart” thermal control of 

spacecraft. 

Among all the oxides of vanadium, vanadium dioxide and 

vanadium pentoxide have the transition temperature (TT) in 

positive temperature region while other vanadium oxides 

show phase TT in sub-zero region. Vanadium oxide undergoes 

semiconductor/insulator to metal-like transition at ~ 

68°C [3,4]. This happens due to Mott transition, thereby 

changing the IR emittance. The Mott transition, in turn, 

happens due to structural change from monoclinic to 

tetragonal structure. As illustrated in Fig. 1, the behaviour of 

these vanadium oxides (film) at room temperature is 

semiconducting and highly IR transparent. However, when 

they are heated above their TT, they change their properties 

becoming metallic-electrically conducting and IR reflecting or 

absorbing. They repeat their transition smartly for both 

heating and cooling cycle and show hysteresis 

characteristics [5]. Therefore, by applying these materials on 

the external surface of the satellite, heat exchange intensity 

can be automatically modulated according to temperature by 

self-regulating emittance. Variable emittance thin film panel 

built with a thermochromic material could improve the 

temperature control by providing an adaptive thermal control 

for nano-satellites and future inter planetary missions. 

 

Figure 1: Illustration of vanadium oxide material properties 

change below and above transition temperature. 

Metal–insulator transition: The metal-insulator transition 

(MIT) in several material systems happens in response to 

composition (doping), electric field, temperature and the 

application of pressure. These processes cause a change in the 

electron occupancy of allowed band levels. It in fact shifts the 

Fermi energy level (EF) from localized levels to extended 

conduction states. Metals are characterized by valence 

electrons. These electrons are fermions which follow the well-

known Fermi-Dirac statistics. They are in partially filled 

bands. Their extended wave functions contribute to electronic 

and thermal conduction. The corresponding EF lies within the 

partially filled energy band. Thus, the high density of free 

electrons in most metals results in the characteristic high 

optical reflectivity and corresponding low thermal emissivity 

(εir < 0.2). In contrast, the valence electrons of insulators are 

localized in a filled valence band (at 0 K). This is separated by 

a band gap Eg from a largely unoccupied conduction band. 

This band gap is quantum-mechanically forbidden. In this 

case, EF lies within the forbidden band gap. Therefore, the 

photons with energies below Eg are transmitted by the 

insulator. On the other hand, photons with energies above Eg 

are absorbed by the valence electrons. It thus facilitates 

electron transitions to the conduction band. Thus, insulators 

have conductivities that increase exponentially with 

temperature. The thermal emissivity is also relatively high 

(e.g., εir > 0.5) for insulators. Many of the transition metals 

such as W, Mn, Mo, La and V are characterized by partially 

filled d-orbital. They contribute to metallic bonding and 

electrical conduction. Hence, the transition metals can readily 

form a variety of complexes involving the energy splitting of 

the d-orbital. This splitting results in band-gap effective for 

optical absorption and conduction. As the temperature 

increases, electrons from filled lower d-orbital jump to the 

empty orbital at higher energies. This process creates 

conduction electrons and holes. It is well-known that VxOn 

exhibits one of the largest observed variations in electrical and 

optical characteristics due to the MIT [6, 7]. The MIT in VxOn 
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is associated with a change in structure. Below TT it has 

monoclinic structure with insulator-like characteristics. 

However, above TT the structure changes to a tetragonal rutile 

structure with metallic characteristics. Therefore, the MIT 

characteristics of thin VO2 films are often comparable to those 

of bulk samples. 

Experimental studies on vanadium oxides as 

thermochromic coating 

In this section we have attempted to summarize the various 

research works carried out by our group to study the 

thermochromic behaviour of vanadium oxide coating. Some 

of the important findings are briefly explained in the following 

sections. 

a) Pure vanadium oxide 

Vanadium oxide (VO) thin films are developed on quartz 

substrates by utilizing a pulsed RF magnetron sputtering 

technique with the RF powers at 100 W to 700 W.  By varying 

the RF powers from 100 W to 700 W it is possible to obtain 

film thickness in the range of ~21 nm to ~243 nm. The 

deposited films show presence of V5+ (~80%) phase as the 

major and V4+phase as the minor phase (~20%). The phase 

transitions of the (VO) thin films were studied by the 

differential scanning calorimetric technique (DSC) as shown 

in Fig. 2 [8]. The reversible i.e., smart transition is observed 

in the region from 337 °C to 343 °C[8] which matches with 

that reported in literature for MIT in vanadium pentoxide. 

Further, the sheet resistance value of the (VO) thin films is 

~106 to 105Ω/sqr  along with the optical band gap in the range 

of 2.4 to 2.8 eV [8]. 

 

Figure 2: The variation of the derivative heat flow of the bare 

quartz and the vanadium oxide thin films on quartz as a 

function of temperature [8]. 

Sol-gel and spin/dip coating is most economic and facile mode 

of synthesis. In fact, sol-gel based coating technique can be 

adopted for scale up purpose. Therefore, to scale up the 

vanadium oxide thin film development process especially for 

spacecraft application where big panels would need to be 

coated, sol-gel and spin/dip coating process is also attempted 

by us [9]. DSC curves of (VO) thin films grown at an 

optimized spin coating rpm (viz., 3000 rpm) and subsequently 

vacuum-annealed at 550 °C are shown in Fig. 3.These (VO) 

thin films exhibit much lower TT i.e., ~44 to ~48 °C as 

confirmed by the DSC curve (Fig. 3) [9]. This TT is 

significantly lower than that (i.e., 68 °C) reported for phase 

pure, bulk VO2. The lower TT is primarily linked to (i) size 

effect [10] and (ii) presence of a strained lattice (e.g., ~ 

0.0195 ca. standard ICSD pattern) in the (VO) film [11, 12]. 

Thus, these (VO) films [9] show potential candidature for 

smart radiation device applications in spacecraft thermal 

control management. Additional studies are also made [9] to 

evaluate the nanomechanical characteristics of developed 

(VO) thin films. For this purpose, the well-known 

nanoindentation technique is utilized. These experiments 

provide nanohardness (H) of ~1.5 GPa and Young's modulus 

(E) of ~36 GPa [9] evaluated for the (VO) thin films. These 

(H) and (E) values are much higher than those reported for sol-

gel process and sputter deposition-based vanadium oxide 

films.  

 

Figure 3: Vanadium oxide thin films developed by sol-gel and 

spin coating process on quartz, vacuum-annealed at 550 °C 

[9]. 

b)  Molybdenum doped vanadium oxide 

Studies on molybdenum doping in vanadium oxide thin films 

are also carried out to reduce TT [13]. In this study, the MO-

VO thin films of various thicknesses (~37-640 nm) are 

deposited on both quartz and silicon substrates. The thickness 

variation is affected by altering the RF power from 100 to 600 

W during the pulsed RF magnetron sputtering process [13]. 

Crystalline MO-VO thin films exhibit the mixed phases of 

vanadium oxides e.g., V2O5, V2O3 and VO2 along with MoO3. 

In these films the reversible or smart transition occurs [13] just 

above the room temperature i.e., at ~45–50°C (Fig. 4a). Thus,  
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Figure 4: (a) DSC curves and (b) temperature dependent 

sheet resistance of molybdenum doped vanadium oxide film 

grown on quartz at 500 W/430 nm [13]. 

Mo doping causes significant reduction in TT as compared to 

that (i.e., 68 °C) reported for phase pure, bulk VO2. The smart 

phase transition in the MO-VO thin films thin films is also 

accompanied by about three order of magnitude change in 

sheet resistance (Fig. 4b) [13]. 

 

Figure 5: Reflectance spectra of different molybdenum doped 

vanadium oxide films grown on silicon in visible (400–700 

nm) region (inset: spectra plotted in entire solar region) [14]. 

Further studies are also carried out to analyse the anti-

reflecting properties of the MO-VO thin films [14]. Thus, Fig. 

5 shows the reflectance spectra of different the VO-MO thin 

films grown on silicon substrate. The thinnest film (i.e., ~37 

nm) grown at 100W shows reflectance of ~38%. Beyond 

200W i.e., the MO-VO thin films of thicknesses ~130 to 640 

nm show relatively lower (i.e., ~16–19%) reflectance. Further, 

sheet resistance of MO-VO thin films decreases from 

~4.9x106 to 4.7 x103/sqr with increase in RF power (i.e., film 

thickness) [14].  

c)  Fluorine doped vanadium oxide 

Additional important attempt is also made by us to decrease 

the TT of spin coated vanadium oxide thin film to as low as 

sub-zero temperature domain [15]. This work shows that 

without significantly compromising the optical, especially the 

transmission properties the TT  can be reduced to sub-zero 

temperature, thereby enhancing their potential for passive 

smart radiator devices applications towards the thermal 

control of spacecraft. Such films could be very useful for the 

passive cooling purpose of CdTe and CdZnTe X-ray detectors 

for astronomically related payloads where the detector would 

be operational only in the sub-zero temperature regime (e.g., 

in the range of -20 to -30 °C).Vanadium oxide thin films are 

 
Figure 6: DSC curves of Ti–Mo–FVO on (a) Kapton and (b) 

Al6061 substrates [15]. 

therefore developed on flexible, optically transparent Kapton 

and rigid, opaque Al6061 substrate by sol–gel spin coating 

method at 3000 rpm [15]. Further, Ti, Mo, W and F are 

successfully doped in VO thin films [15]. 
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Among all the developed thin films, the Ti and Mo doped F 

incorporated VO thin films (i.e., the Ti–Mo–FVO films) 

exhibit remarkable reductions in the phase TT (i.e., ~26.3 °C) 

as shown by the DSC curves in Fig. 6 [15]. These films also 

exhibit the highest optical transparency (~75%). 

Challenges in development of thermochromic 

vanadium oxides film 

Although, compounds of vanadium was discovered very long 

back in 1801 by Andrés Manuel del Río but still researchers 

are facing acute problems when it comes to the thermochromic 

properties of vanadium oxide. However, vanadium has been 

well explored in various field of  

 

Figure 7: Year wise number of publications on thermochromic 

vanadium oxide 

application such as steel additive, catalyst in manufacturing 

sulfuric acid, oxidizer in maleic anhydride production, 

oxidation of propane and propylene to acrolein and vanadium 

redox batteries etc. When someone do the search in Google 

scholar, one can find the very less research publication (till 

2019 around 5000 research article published) in 

thermochromic application of vanadium oxide throughout the 

world (Fig. 7). Various challenges for commercialization of 

vanadium oxide based thermochromic coatings are as follows: 

1) Reducing the phase transition temperature 

VO2 exhibits fully reversible smart transition between 

monoclinic and tetragonal phases at around 68°C. Reduction 

of the phase TT to near room temperature is attempted by 

doping and / or co-doping of transition metal ions (e.g., W, 

Mo, Ti, Cr, F and Nb) into the vanadium oxide lattice. 

However, this demands precise control of the nature and 

amount of dopant and / or co-dopant and their uniform 

distribution. In fact every 1% of doping can drastically reduce 

the TT by about ~20 °C [16]. 

2) Environmental stability 

For VO2 films in spacecraft thermal control applications at 

least 10 year of stable life is expected. However, prolonged 

exposure to environment can change its oxidation state and 

hence, drastic changes of the TT as well as the thermo-optical 

properties.  Protective layers (SiO2, TiO2 etc.) on VO2 films 

can thus effectively improve the environmental stability [17, 

18]. However, the problem is this can hamper the functional 

properties of thermo chromic VO2 films. Therefore, future 

work should be carried out for enhancing stability, along with 

the self-cleaning and antireflection functions of the VO2 films. 

3) High optical transparency 

For applications of VO2 films in smart windows, optical lens 

for the spacecraft and aircraft cockpit/car wind shield etc. new 

research needs to be done to increase the optical transparency 

level from the present ~20 to 80 %. However, the optical 

transparency of VO2 films exhibits complex dependencies on 

the oxidation state, purity and the thickness.  

4) Large-scale production 

Large-scale production of smart VO2 films is necessary to turn 

lab scale development into the industrial mass production for 

commercial application. Presently, most of the developments 

on vanadium oxide thin films are based on very sophisticated 

vacuum technologies such as sputtering, evaporation, atomic 

layer deposition, laser assisted deposition, chemical vapour 

deposition etc. techniques. All these technologies require high 

vacuum systems and large chambers. Thus, it would take 

several hours to reach the vacuum. However, they offer 

precise control of deposition rate, uniformity, good film 

adhesion and doping amount. Thus, large scale development 

of VO2 films by these methods is limited by the high 

production cost and low production quantity. A few research 

groups are also attempting the sol-gel method. This can be 

promising and cost-effective through dip/spin coating if the 

synthesis steps can be precisely monitored and film adhesion 

as well as qualities are assured. Thus, new research in this area 

for mass production is now very essential if we think that the 

smart coatings could be readily available in market at a 

reasonable cost in days to come. The technology could be 

compatible with traditional methods such as spray or brush 

painting of normal polymeric paints.  

Thus, reduction in TT, provision of environmental stability 

and higher optical transparency as well as innovation of low 

cost production technology should make the thermo chromic 

VO2 films as a promising candidate for a variety of potential 

ground based as well as aerospace applications such as 

energy-efficient window coatings, electrical/infrared light 

switching devices, thermal sensors, cathode materials for 

reversible lithium batteries etc. 

Summary  

Here, we have summarized the prospect and future directions 

of vanadium oxide based thermochromic smart reversible 

films for spacecraft thermal control applications. The work 

progress in this subject line from the author’s group is also 

summarized. 

References 

1. Spacecraft thermal control handbook by D. G. Gilmore 

(American Institute of Aeronautics and Astronautics, 2002) 

2. Spacecraft thermal control by J. Meseguer, I. Perez-Grande and 

A. Sanz-Andres (Elsevier, 2012) 

3. H. Jerominek et al., Appl. Phys. Lett. 109, (2013) 

https://en.wikipedia.org/wiki/Andr%C3%A9s_Manuel_del_R%C3%ADo


Physics News 

Vol.50(2)                                                                                                                                                                                                            30 

4. https://en.wikipedia.org/wiki/Thermochromism 

5. M.E.A Warwick et al.,  J. Solid State Chem. 214, (2014) 

6. G Stefanovich et al., J. Phys. Condens. Matter. 12, (2000) 

7. N. F. Mott, Rev. Mod. Phys. 40, (1968) 

8. D. Porwal et al., RSC Adv. 5, (2015) 

9. D. Mukherjee et al., Ceram. Int. 44, (2018) 

10. V. Balakrishnan et al., J. Mater. Res. 26, (2011) 

11. S. Kittiwatanakul et al., Appl. Phys. Lett. 105, (2014) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12. L.L. Fan et al.,Nano. Lett. 14, (2014)  

13. A. Dey, et al., Sci. Rep. 6, (2016) 

14. M. K. Nayak et al., Infrared Phys. Technol. 85, (2017) 

15. D. Mukherjee et al., RSC Adv. 8, (2018) 

16. Z. Peng et al., J. Alloy. Compd. 480, (2009) 

17. C. Wang et al., Sci. Technol. Adv. Mat. 18, (2017) 

18. Z Zhang et al., J. Phys. Chem. C. 114, ( 2010) 

https://en.wikipedia.org/wiki/Thermochromism


                                                                                                                                          Physics News  
 

31                                                                                                                                                                                                            Vol.50(2)     

The Dark Universe  

G. Rajasekaran  

Professor Emeritus 

Institute of Mathematical Science 

E-mail: graj@imsc.res.in  

G Rajasekaran is a theoretical physicist at the Institute of Mathematical Sciences, Chennai and 

Chennai Mathematical Institute, Siruseri (near Chennai). He was the joint director and distinguished 

Professor at Institute of Mathematical Sciences during 1984-2001. His field of research is quantum 

field theory and high energy physics. He is fellow of all science academies of India. He is recipient of 

Meghnad Saha Award, FCCI Awards for Physical Sciences including Mathematics, SN Bose Medal 

of INSA and Homi Bhabha Medal of DAE.  

Abstract 

About 95 percent of the Universe is dark. Whatever we see (humans, animals, plants, Sun, stars, galaxies) is only 5 percent of 

the Universe. All of these are made of atoms and atoms are made of only three kinds of particles electrons, protons and neutrons. 

We now know much about these but that is only 5 percent of everything. According to astrophysicists and cosmologists, 70 

percent of the Universe is Dark Energy and 25 percent is Dark Matter. Research is going on about this 70 + 25 = 95 percent 

Dark Universe, but no definitive conclusions have been reached. We shall first discuss the 25 percent Dark matter before we 

go to the stranger Dark Energy.

Dark Matter 

Dark Matter was discovered by astronomers many years 

ago. Both visible matter and Dark Matter obey Newton's Law 

of  Gravitation. Using this, they discovered that Dark 

Matterexisted throughout the Universe. 

There are many galaxies and galaxy clusters in the 

Universe. Since the galaxies in a cluster attract each other, all 

the galaxies are moving around the centre of the cluster. This 

motion follows Newton's law of gravitation and hence from 

this motion the mass of the whole cluster can be calculated. 

This mass can also be calculated by adding all the masses of 

the galaxies. The mass calculated from the velocities was 

many times larger than the mass obtained by adding the 

masses of the galaxies. So it was concluded that invisible or 

Dark Matter existed so that the two calculations would agree. 

Next let us consider the motion of stars in the galaxy. All the 

stars are moving around the centre of the galaxy because of 

the gravitational attraction. That is why many galaxies appear 

to be rotating. From the velocities of the stars and Newton's 

law the total mass of the galaxy was calculated. By adding the 

masses of all the stars also the total mass of the galaxy could 

be obtained. Again the mass calculated from the stellar 

velocities was many times larger than the mass obtained by 

adding the stellar masses. So again the existence of Dark 

Matter was inferred.  

Lord Kelvin was the first to guess the existence of Dark 

Matter. He inferred this in 1884 from his studies of stellar 

velocities. In 1906 Henri Poincare described Kelvin's results 

in his essay and named it as Dark Matter. Fritz Zwicky and 

Vera Rubin were the astronomers who found out the precise 

details about Dark Matter. In 1938 Zwicky found the Dark 

Matter from the velocities of galaxies in galactic clusters. 

Rubin found it from the stellar velocities in galaxies. After 

that, the existence of Dark Matter was confirmed from many 

astronomical and cosmological researches. We will mention 

those briefly. They are gravitational lensing, Cosmic 

Microwave Background Radiation, cosmological evolution 

and structure formation in the Universe. In the sixteenth and 

seventeenth centuries the existence of atmosphere around the 

Earth was discovered. Everybody knows the importance of the 

atmosphere consisting Oxygen and Nitrogen. Dark Matter is 

more important than atmosphere since the latter exists only for 

a height of 30 or 40 kilometers while Dark Matter exists all 

over the Universe. Although astronomers have discovered the 

existence of Dark Matter through gravitaional force, its nature 

can be discovered only by physicists. Such research in physics 

has been going on for more than 20 years. The basis of this 

research is the assumption that Dark Matter is made of 

particles not yet discovered. Although these particles do not 

interact much with the known particles such as proton, 

electron etc., if they interact weakly, many kinds of 

experiments are possible. We shall describe this research 

briefly. 

1. Direct Interaction 

Since Dark Matter Particles (DMP) are everywhere, they may 

sometime collide with nuclei of ordinary matter. These nuclei 

will move and ionize the surrounding matter and hence can be 

detected by particle detectors. Many such experiments are 

being conducted for the past 20 years, but so far definitive 

positive results have not been obtained. 

2. Indirect Detection  

A DMP may collide with another DMP and particles such as 
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proton, electron and photon may be produced. Such collisions 

will occur only in those locations where DMP's are abundant. 

Since it is believed that Dark Matter abounds at the galactic 

centres and the cores of the Sun and other stars, experimenters 

are searching for energetic particles coming from these 

directions. But these searches also have not succeeded so far. 

3. Production by particle accelerators 

When two protons collide with high energy, many particles 

are produced. In 2012, Higgs boson was discovered in such 

collisions at the Large Hadron Collider. So DMP also may be 

produced in such collisions. With this expectation, many 

experiments are being conducted at the collider, but without 

any success so far. Since experiments conducted for many 

years all over the world have not succeeded, the question 

arises: Does Dark Matter really exist? 

As already mentioned, sofar, Dark Matter has been inferred 

only from its gravitational interaction. All the Dark Matter 

experiments assume that dark Matter interacts weakly with 

ordinary matter. If this assuption is wrong, above experiments 

will never catch Dark Matter. In other words if Dark Matter 

has only gravitational interaction and does not have 

electromagnetic, weak, strong or any other interaction with 

ordinary matter, we will never know the true nature of Dark 

Matter. This is one way. There are three other ways. 

The second way is that for some reason the density of Dark 

Matter in our region is very small, in which case the direct 

detection experiment done on the Earth cannot catch it. But 

the other two experiments can detect it. The third possibility 

is Dark Matter may not be made of particles. Dark Matter may 

be the primordial black holes. Just as all matter was produced 

in the Big Bang, primordial black holes also might have been 

produced and that may be the Dark Matter. The fourth 

possibility is to change Newton's law of gravitation (and 

Einstein's gravitational field equations) a little. Then there will 

be no need for Dark Matter since  Newton's law was used in 

getting Dark Matter. If this possibility turns out to be true, it 

will be a big revolution in Physics and Astronomy! Among the 

four possilities above, which is correct? Or is thereany other 

way? Continuing research only can answer this. So at present 

we cannot say anything definite about Dark Matter. 

Dark Energy 

Energy is Mass, Mass is Energy. Eistein's equation E = Mc2 

declares this. In spite of this, we talk about Dark Matter and 

Dark Energy as two separate things. Why? Reason is: Dark 

Matter has mass and other properties like visible matter, but 

Dark Energy is not matter at all. It is pure energy! 

To understand Dark Energy, mathematics and Einstein's 

General Theory of Relativity are neccssary. So it is difficult to 

explain it here. Nevertheless, some facts have to be mentioned. 

From Einstein's gravitational equations, it is possible to 

calculate the evolution of the Universe. How is the Universe 

expanding from the time of its birth in the Big Bang? This can 

be explained from Einstein equations. That is what 

cosmologists also found.  

But, in 1999, a major discovery was made, namely the speed  

of the expansion of the Universe is increasing. This discovery 

was made by studies on a large number of supernovae. So one 

had to include Dark Energy in Einstein's equations. That is 

required to explain the accelerating Unverse. This Dark 

Energy can also be called the Energy of the Vaccuum. 

Another consequence of Eistein's General Relativity is the 

presence of Dark Pressure along with Dark Energy. This Dark 

Prssure is not like the pressure due to gases with which we are 

familiar. It is a negative pressure. From the discovery of the 

acceleration of the 

Universe, Dark Energy and Dark Pressure have been 

inferred. If there were no Dark Energy, there would have been 

only one constant, namely Newton's constant of Gravitation G 

in Einstein's equation. Presence of Dark Energy neccssitates 

the addition of another constant,(denoted by the Greek letter 

Lambda), called Cosmological Constant in Eistein's equation. 

This Cosmological Constant has an interesting history. After 

Einstein discovered his gravitational equations, he used them 

to study the evolution of the Universe. In that period of time, 

Universe was thought to be in a steady state. But Einstein's 

equations contradicted the steady state. So Einstein included 

the cosmological constant Lambda in his equations to stabilise 

the Universe. He did not like this, since he had been very 

happy that his original equations did not have any new 

constant apart from G, but still they led to so many new 

consequences. The addition of Lambda destroyed that feeling. 

But after Einstein's addition of Lambda, two major 

developments took place in Cosmology. In 1924 the Russian 

mathematician Friedman found an exact solution of the 

original Einstein equations and this solution described an 

expanding Universe. Second, in 1929, astronomer Edwin 

Hubble discovered that all the galaxies that he studied through 

the big 100 inch telescope in California appeared to be running 

away from us. If the Universe were expanding, this would 

happen. Thus Friedman through theory and Hubble through 

observation discovered the expansion of the Universe. 

Immediately Einstein removed the Lambda that he added in 

his equations against his will. He called the addition of 

Lambda as his greatest blunder. For, if he had not done that, 

he could have predicted the expansion of the Universe from 

his original equations. During that period of time, cosmology 

had not advanced much. After that, cosmological research 

progressed during the 80 years and reached the stage when the 

acceleration of the Universe could be discovered. So Einstein's 

Lambda was brought back. As we mentioned already, it refers 

to the vaccuum energy. 

Nevertheless, we cannot be sure that this is the real reason for 

the acceleration. Instead of Lambda, an all-pervasive field 

may be the cause. This field may be the vaccuum energy. 

There may be other possibilities. Research is going on. Future 

only can give the answer. We understand only 5 percent of the 

Universe. The major part of 95 percent is dark. Although 

active research is being conducted all over the world to find 

the true nature of this 95 percent, the truth is still not known. 

So we see how strange our Universe is. It is full of unsolved 

mysteries. 
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News & Events 

Discussing Gender Equity in the Indian Astrophysics Community

The Working Group for Gender Equity (WGGE) of the 

Astronomical Society of India (ASI) was constituted in 2015 

with eight members from Astrophysics institutes spread across 

the country. The ASI itself was constituted in 1972 and 

comprises more than 1000 professional Indian astronomers. 

The rationale behind setting up WGGE was the growing 

realization of the under-representation of women astronomers 

in permanent faculty positions, even though the representation 

at the undergraduate and graduate levels was healthy. The 

gender statistics presented in the detailed report by the Indian 

Academy of Sciences (IAS) and National Institute of 

Advanced Studies (NIAS) [1], revealed that ~40% or more of 

the students in science disciplines were women. A relatively 

healthy representation was observed even at the Ph.D. level 

inside Astrophysics institutes and universities where the 

average fraction was ~35%. However, in sharp contrast, the 

average fraction of professional women astrophysicists was a 

mere 10%. Several Astrophysics institutes either had no 

women on their faculty or only a single one. A formal proposal 

for the setting up of the WGGE was submitted to the ASI 

Executive Council in 2014.  

We gathered the gender statistics from all major Astrophysics 

institutes in India and submitted them as a part of our proposal 

for the constitution of the WGGE. We pointed out that while 

the under-representation of women astronomers was a global 

phenomena, and specific reasons likely varied in different 

parts of the world, “unconscious bias" in the workplace [3,4,5] 

played an important role in the low representation of women, 

over and above the local societal factors. The proposed goals 

of the WGGE were summarized thus: “The working group 

will collect and analyze data about the representation of 

women in Indian Astronomy, conduct gender-sensitization 

talks and workshops, provide mentorship as needed, maintain 

a webpage with relevant resource material, and contribute 

towards the creation of an equitable workplace environment 

for the members of the Indian Astronomical community”. Five 

years on, the WGGE has indeed met and exceeded these goals. 

However, as the Indian Astrophysics community has begun to 

embrace the idea of gender-equity, signs of which were clearly 

visible in the recent ASI meeting a few months ago, the goals 

of the WGGE have evolved as well. 

By the time of the submission of the proposal, an informal 

team comprising the first members of the formalized WGGE, 

had already organized two formal 1-2 hour sessions at the 

annual ASI meetings in Mohali (2014) and Pune (2015). In 

these sessions, the team members held several short 

presentations on “Unconscious Bias”, “Imposter Syndrome”, 

“Stereotype Threat”, along with a panel discussion on 

“Improving the Workplace for Gender Equity”. The turnout in 

these sessions was large with a good mixture of both genders, 

as well as the presence of young astronomers including 

students and postdocs. The lack of statistical studies in India 

was remarked upon in these sessions by the participants, and 

a general consensus for the setting of a working group on 

Gender Equity emerged. The presentations from these 

sessions are available on the WGGE webpage. The WGGE 

members have also presented talks on the group’s activities in 

both national (Pressing for Progress 2019 conference in 

Hyderabad) and international conferences (Lucrezia Cornaro 

session on gender balance in astrophysics at the Revisiting 

narrow-line Seyfert 1 galaxies and their place in the Universe- 

2018 Padova, Italy).   

After its inception, WGGE members created posters to 

publicize their activities as well as to highlight women 

physicists in India and around the world, and these were used 

to create “Gender corners” at the annual ASI meetings. The 

meeting participants could interact with WGGE members 

here, seek advice, or express their interest in volunteering for 

activities. A 4-page “Gender Questionnaire” was created and 

circulated among the ASI participants at its meeting in 

Kashmir in 2016. Apart from surveying the interest and gender 

awareness of the participants, the qquestionnaire itself was 

meant as an exercise in gender-sensitization. The anonymous 

responses from 66 astronomers (27 women, 39 men) that 

included students, postdocs, and permanent faculty/staff, were 

analyzed by WGGE members, and were presented at the 

WGGE session at ASI Hyderabad in 2018. The responses 

revealed that it was the women faculty/staff members (ages 

>35-40 years, who were 20% of the responders) who most 

seriously felt wide-spread gender-based discrimination in the 

field. The younger participants (age 20-30 years who were 

60% of the responders), both women and men, did not feel any 

gender-based discrimination in their workplace. While this 

was heartening at first glance, it suggested that gender 

discrimination manifested itself at the later stages of faculty 

hiring and promotion for women. 

Members of the WGGE were fortunate to get the opportunity 

to summarize the working group’s activities to the Executive 

Committee members, including the President, of the 

International Astronomical Union (IAU) in 2017, at a meeting 

held in the Inter-University Centre for Astronomy & 

Astrophysics (IUCAA), Pune (see picture). WGGE members 

used this opportunity to gather additional gender statistics 

from Indian universities with astrophysics departments, in 

which one or more member(s) of the faculty are the so-called 

“IUCAA-Associates”. This exercise revealed that the Indian 

universities seemed to be doing a better job of hiring female 

faculty members (~20%) compared to research institutes 
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(~10%). However, the fraction of female Ph.D. students was 

almost double the fraction of faculty members, even in the 

universities.  

The WGGE also carried out an analysis on possible gender 

bias in the selection procedure for physics and astronomy 

Ph.D. admissions to research institutes across India. The study 

indicated that the multiple-choice written examination 

resulted in a steep decline in the fraction of female candidates; 

however, the subsequent interviews did not appear to have a 

strong effect on this fraction. In contrast, in a selection 

procedure that did not use multiple-choice questions, the 

fraction of successful female candidates was consistent with 

the fraction that applied for the position (for details, see 

WGGE webpage). 

The WGGE further formalized the 1-2 hour sessions at the 

annual ASI meetings. After such sessions were held during 

2017-20, the scope of the presentations and speakers has 

expanded. Non-astronomy-related experts have been invited 

to attend as well as speak about the gender-equity-related 

experiences in their respective fields. The invitees have 

included science journalists, physicists, mathematicians as 

well as social scientists. The attendance and response at recent 

WGGE sessions has greatly improved. At the ASI 2020 

meeting, the Chair of the scientific organizing committee 

(SOC) explicitly noted the SOC’s attempt at trying to create 

gender-balance while choosing all speakers as well as Chairs 

of scientific sessions, in his opening address to the ASI. The 

use of “gender” and “gender-balance” at ASI meetings has 

gone mainstream!  

The WGGE has been organizing the “Anna Mani” lecture 

series on gender-sensitization in Astrophysics institutes in 

India since 2016. These lectures were named after the 

pioneering Indian physicist Anna Mani (1918 - 2001), who 

worked in the lab of C.V. Raman as a Ph.D. student, but who 

never obtained a Ph.D. degree [5]. In spite of this and other 

hurdles, Anna Mani forged ahead making significant 

contributions to spectroscopic studies of materials, solar 

radiation, ozone and wind energy instrumentation. The list of 

AM lecturers has included eminent physicists, science 

journalists, philosophers and social scientists like Rama 

Govindarajan (scientist at TCIS - TIFR, Hyderabad in 2016), 

Sumi Krishna (independent scholar and past President of the 

Indian Association for Women’s Studies in 2018), Amrita 

Banerjee (assistant professor of Philosophy, IIT Mumbai, in 

2019), Aashima Dogra & Nandita Jayaraj (science journalists 

at the Life of Science, in 2020), Rohini Godbole (physicist, 

IISc, in 2020), and Meera Nanda (writer andhistorian of 

science, IISER Pune and Mohali in 2020). The AM lectures 

have been recorded and are available as resource material on 

WGGE’s webpage [6].  

At the 2017 ASI meeting in Jaipur, WGGE members proposed 

for subsidized on-site childcare facilities. Although initially 

this meant that WGGE members had to closely coordinate 

with the local organizing committee, childcare has recently 

been formalized by ASI. This year the ASI has also allocated 

an annual budget of Rs. 50,000 for the activities of the WGGE. 

With the help of our webpage as well as our Facebook page, 

where articles and news related to gender equity are 

periodically posted, the existence and the activities of WGGE 

have gained visibility. The WGGE plans to sustain the 

progress that has been made and expand the scope of its 

activities further. 

The present WGGE members are R. Banyal, R. Chatterjee, 

H. Jassal, N. Kanekar, K. Kelkar, P. Kharb (Chair), K. Misra, 

P. Shastri.                                                                        

WGGE members, Preeti Kharb and Sushan Konar, with members of 

the IAU Executive Committee, Silvia Torres-Peimbert (President 

2017) and Ewine van Dishoeck, (current President)  in 2017. 
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Meet the Physicists! 

We profile four enthusiastic physicists across the country who seem to be enjoying their diverse careers!  

 

  

Gowhar  

Deepshikha 

Anirban 

Gauri 

Gowhar Hussain Bhat 
Asst. Professor, Department of Physics, SP College 
(Cluster University) Srinagar, J&K 
Area: Theoretical nuclear physics (nuclei beyond the 
valley of stability) 
Years doing physics: 14 
What I like about physics: interplay of matter and energy, 
studying nuclear interactions using mean field theory 
Beyond physics: Sports, especially cricket 

Deepshikha Jaiswal-Nagar  
Asst. Professor, School of Physics,  

IISER Thiruvananthapuram 
Area: Solid state physics 
Years doing physics: 20 

What I like about physics: Physics makes you an analytical 
person. Not only analysing problems in physics but in life! 

Beyond physics: cooking, singing and listening to music 

Anirban Bhattacharyya 
Asst. Professor, Institute of Radio Physics and Electronics, 
University of Calcutta 
Area: Physics of (opto)electronic materials and devices 
Years doing physics: 27 
What I like about physics: It is fun to dream up new semicon-
ductor devices, model their properties, create them from 
scratch using complex technological steps, and try to meet 
societal needs. 
Beyond physics: History and politics 

Gauri Dabholkar 
Independent teacher, teacher trainer, sustainability 

champion and science communicator, Bengaluru  
Area: Dabbled in many things from constructivist 

approach for teaching physics to developing reusable 
feminine hygiene products  

Years doing physics: how do you count? 30? 
What I like about physics: Ability to explore everything 

from quarks to quasars, things that can and cannot see!  
Beyond physics: composting, minimalistic living, 

running, traveling, trekking and music 
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Backscatter 

 Need for Speed: 50 years of lightwave communications 

Arnab Bhattacharya 

Department of Condensed Matter Physics and Materials Science,  

Tata Institute of Fundamental Research, Mumbai, India 

E-mail: arnab@tifr.res.in 

 

From refreshing the Worldometer page to check if the curve 

is bending to attending meetings over Zoom, the COVID19 

lockdown has forced us to appreciate and be thankful for our 

amazingly connected world. We often take for granted our 

access to the internet, where data flows seamlessly across 

continents, digital blips of light criss-crossing the globe on 

fiber-optic cables. It is time to rewind to 1970, when two key 

breakthroughs – low loss optical fibers, and room temperature 

operation of semiconductor lasers – were achieved. These 

were crucial in enabling lightwave communications to be a 

practical reality, and in laying the foundations for the 

explosive growth in optical networks that have over the past 

50 years led to a profoundly different interconnected world. 

This is a fascinating story of remarkable ingenuity and 

creative problem solving combining advances in under-

standing basic physics with developments in materials 

synthesis technologies and ability to fabricate novel devices. 

In 1966 Charles Kao predicted1 that glass fibers could be 

useful for data transmission if the losses could be reduced to 

below 20 dB/km. In 1970, the group at Corning, reported the 

first results2 below the 20 dB threshold that made people think 

that this could be a reality. This spurred a flurry of develop-

ments, mainly relating to the understanding of absorption due 

to hydroxyl radicals and removal of traces of water from the 

silica material. Equally important were improvements in the 

ability to extrude glass fibers with controlled refractive index 

gradients. (Eventually NTT corporation in Japan succeeded in 

demonstrating glass fibers with loss as low as 0.2dB/km, a 

huge step for trans-oceanic data cables.) As an aside, we must 

mention the contributions of an early unsung hero – Narendra 

Singh Kapany – who coined the term “Fiber Optics”, with a 

cover page story in Scientific American in Nov. 1960. He was 

also the first Indian entrepreneur in Silicon Valley, even before 

the place got its name, and wrote a now-classic book3 on the 

principles and application of fiber optics in 1967. 

The glass fiber of course needed a source of light that could 

provide the pulses for optical data transfer. The first diode 

lasers were demonstrated in 1962, but operated only at 

cryogenic temperatures. An idea by Herbert Kroemer of better 

confining electrons and holes by creating sandwiches of semi-

onductors of different bandgaps4 – the double heterostructure 

1  K.C. Kao and G.A. Hockham, IEE Proc. J. Optoelectron. 113, 191 

(1966) 
2 F. P. Kapron, D. B. Keck, and R. D. Maurer, Appl. Phys. Lett. 17, 

423 (1970) 

–  was crucial. This spurred material scientists to invent new 

synthesis techniques for such layered structures. The key 

breakthrough, again in 1970,  was the achievement of room-

temperature continuous-wave operation of diode lasers 

reported first by Alferov, Garbuzov and co-workers5 at the 

Ioffe Institute in St. Petersburg, and then soon after by Hayashi 

and Panish at Bell Labs6. Soon, developments in materials 

growth like molecular beam epitaxy and metalorganic vapour 

phase epitaxy allowed ultrathin layers with nm-precision to be 

deposited, allowing even better performance from quantum 

well lasers. The combination of high-performance semi-

conductor diode lasers and low-loss optical fibers was a game 

changer. Each fiber of TAT-8, the first transatlantic fiber cable 

laid in 1988 had a capacity of 296 Mbit/s, which was more 

than the combined capacity of all earlier copper links (TAT 1 

through 7). Perhaps equally important, this increased capacity 

allowed for a small experiment in connecting CERN to 

Cornell University in Feb. 1990, which led to the first 

demonstrations of the World Wide Web 10 months later.  

These critical steps were key to the beginnings of networks 

that allow us to transfer the mindboggling quantities of data 

that our world thrives on today. Naturally over the years 

techniques like optical amplification using erbium doped 

fibers, and the simultaneous use of multiple wavelengths on 

the same fiber have had enormous impact. Commercial fiber 

optic systems operating at 65 Tbit/s over 6600km have been 

shown, and lab scale experiments at ~10 Pbit/s have been 

demonstrated over shorter lengths using specialized multi-

core, multi-wavelength fibers.  

Kroemer and Alferov were awarded half of the 2000 Nobel 

Prize in Physics, and Kao duly shared the 2009 Prize.  We now 

live in a world where now the value of data dwarfs the value 

of the infrastructure that carries it; where a majority of the 

Top-10 companies effectively sell data; and where data 

transferred for machine-to-machine communication exceeds 

that used for human-to-human or human-to-machine 

communication. As you read this page, most likely online, it 

is a good time to think about and appreciate the advances in 

understanding of basic physics and materials technologies that 

made this possible 50 years ago! 

3 N.S. Kapany, “Fiber Optics: Principles and Applications”, 

Academic Press, New York (1967) 
4 H. Kroemer, Proc. IREE 51, 1782 (1963) 
5 Zh. I. Alferov, et al. Sov. Phys. Semicond 4, 1573 (1970) 
6 I. Hayashi and M. B. Panish, J. Appl. Phys. 41, 150 (1970)  
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