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Abstract 
In this paper, we explore how India performs in an advanced technological field, namely quantum computing. An Indian publication is defined as one in which at least one author has an Indian address. We have studied all quantum computing-related articles and reviews in the WoS with at least one Indian author. We separately considered domestic publications (all authors have an Indian address) and collaborations with the USA. Besides numbers of publications we also considered yearly citations and the corresponding h-indices. There is a generally increasing trend for all indicators, in particular for internationally collaborated publications.
Data are obtained from the Web of Science, based on (All=)-queries. It is explained why (ALL=)-queries are preferred above )TS=)-queries. As a new indicator for general visibility of a topic we introduce the (TS/ALL)-ratio.
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Introduction and problem statement
In this paper, we explore how India performs in an advanced technological field, namely quantum computing. An Indian publication is defined as one in which at least one author has an Indian address. This investigation has the following purposes: 
(1)	To perform a bibliometric study of India as an upcoming country in the field of quantum computing. 
(2)	To perform a diachronous study (Hu et al., 2020) of its yearly citation curves.  
(3)	To investigate the influence of collaborations on India in quantum computing. 
We chose India for this study as India is the third Asian country according to GDP (after China and Japan) and the second most publishing country in Asia in the Web of Science (after China). Moreover, we have some experience on this topic as, in the past, one of us studied India and its neighbors (Mahbuba & Rousseau, 2010).

 Methodology
General methodology
Using the Web of Science (WoS), we consider the period [2003, 2023] and focus on Indian publications as defined above. 
Detailed steps
Choose from the complete WoS (from 1955), the sub-databases SCI-Expanded , SSCI, A&HCI, and ESCI.
Query: ALL = (qubit* OR (quantum AND (comput* OR algorithm* OR crypto* OR gate* OR superposition* OR complexit*))), leading to SET 1.
Restrict the result to articles and reviews, leading to SET 2. This set is referred to as the Quantum Computing set.
Analyze SET 2 by countries and restrict to India, leading to SET 3
Query: FPY= 2003 (and so on), leading to SET 4
SET 5 = SET 3 AND SET 4
Comments. Although we also considered (TS=)-queries, we prefer (All=)-queries for this investigation. In this way, we can include in the resulting set, institutes, conferences and funding sources with e.g., the phrase “quantum computation” in their name. The difference between (TS=) and (ALL=) queries reflects the importance of “quantum computing” in the general scientific landscape in the country under consideration. For example, when a university has a department with quantum computing in its name, or when “quantum computing”- funds are available, this is a sign of the importance given to quantum computing in the country. The point that for a study on the general visibility of a topic an (All=)-query is preferred above a (TS=)-query has already been made in (Fassin & Rousseau, 2020).  

Results
A. Total number of publications, (ALL=) versus (TS=) queries
In the whole database, we found 14,170 Indian articles (September 2024), where we have included here all publications (of article or review type) with at least one Indian co-author. Table 1 shows the number of publications. The resulting curves are diachronous ones as they show how data change over time, with the arrow of time going in the direction of the future (Hu et al., 2020). The curve for (ALL=) queries shows an exponential increase (which is also the case for (TS=) queries). It is visibly obvious that exponential growth better describes the data than linear growth. The R2 value is 0.99 in both cases. The exponential part of the best-fitting curves are respectively e0.158t and e0.143t where t denotes time in years. In 2023 Indian scientists only wrote 40 % of the American production (data not shown).
Table 1. Indian publications: results for (ALL=)- and (TS=) queries, and their ratio. 
	Year
	ALL
	TS
	%

	2003
	88
	66
	0.750

	2004
	85
	82
	0.965

	2005
	102
	85
	0.833

	2006
	132
	109
	0.826

	2007
	119
	96
	0.807

	2008
	159
	129
	0.811

	2009
	200
	153
	0.765

	2010
	222
	181
	0.815

	2011
	280
	213
	0.761

	2012
	303
	229
	0.756

	2013
	385
	286
	0.743

	2014
	448
	321
	0.717

	2015
	518
	374
	0.722

	2016
	565
	389
	0.688

	2017
	628
	412
	0.656

	2018
	769
	542
	0.705

	2019
	847
	581
	0.686

	2020
	1075
	716
	0.666

	2021
	1449
	920
	0.635

	2022
	1641
	1071
	0.653

	2023
	1875
	1187
	0.633




Fig. 1. Growth curves of Indian publications on quantum computing since 2003: the full curve represents the results of the (ALL=) queries, the dotted one does the same for the (TS=)-queries.

The (TS/ALL)-ratio starts at about 0.81-0.86 in the early years and reaches a low of 0.63 in 2023. We interpret this ratio as an indicator of the diffusion of quantum computing in science: the lower this ratio, the larger the diffusion of knowledge about quantum computing in the scientific landscape of the country.
B. Domestic production
In this section, we study the percentage of domestic production (all authors have an Indian address) in the total of the country. Results are shown in Table 2. 
Table 2. Percentages of domestic production for India
	Year
	Percentage
	Year
	Percentage

	2003
	0.75
	2014
	0.70

	2004
	0.81
	2015
	0.71

	2005
	0.73
	2016
	0.72

	2006
	0.78
	2017
	0.64

	2007
	0.74
	2018
	0.67

	2008
	0.75
	2019
	0.67

	2009
	0.76
	2020
	0.64

	2010
	0.72
	2021
	0.64

	2011
	0.68
	2022
	0.60

	2012
	0.73
	2023
	0.61

	2013
	0.72
	
	



The percentage of domestic production has a decreasing tendency. The decrease visible in Table 2 can be described by a linear regression with a high Pearson correlation of 0.89. Note that all non-domestic publications are publications resulting from international collaboration. The increase of internationally collaborated publications by India in the field of quantum computing corresponds with the growth of international collaboration (Wagner et al., 2017; Aksnes and Sivertsen, 2023). We say that a country is independent in a certain field if the domestic production is larger than 50%. In that sense, India is independent in the field of quantum computing. From other investigations (our own work in preparation) we know that the USA is no longer independent in the field of quantum computing.
C. Collaborated publications
In this section, we present the numbers of collaborated articles and their evolution between the USA and India. We chose the USA as this country was until recently (when China took over) the leading country in the field of quantum computing. By the term “collaborated article” we mean an article with addresses of two countries under study. Other countries may participate in such articles. Table 3 shows, in this order, the numbers of collaborated articles, the percentage of these collaborations in all publications of the USA, and the percentage of these collaborated articles in all publications of India. 
Table 3. Numbers of collaborated India-USA articles and percentages of the total number of publications. 
	FPY
	USA-India
	% USA
	% India

	2003
	8
	0.007
	0.091

	2004
	7
	0.006
	0.082

	2005
	17
	0.013
	0.167

	2006
	14
	0.010
	0.106

	2007
	13
	0.009
	0.109

	2008
	15
	0.009
	0.094

	2009
	19
	0.010
	0.095

	2010
	27
	0.014
	0.122

	2011
	28
	0.014
	0.100

	2012
	34
	0.015
	0.112

	2013
	41
	0.017
	0.106

	2014
	55
	0.022
	0.123

	2015
	55
	0.021
	0.106

	2016
	66
	0.022
	0.117

	2017
	89
	0.029
	0.142

	2018
	114
	0.034
	0.148

	2019
	102
	0.028
	0.120

	2020
	172
	0.040
	0.160

	2021
	230
	0.050
	0.159

	2022
	288
	0.063
	0.176

	2023
	301
	0.064
	0.161



In absolute numbers the collaboration between the USA and India in quantum computing is increasing. This observation also holds relatively speaking (over the period [2003, 2023]): India participated in less than 1% of US quantum publications and increased its share to more than 6%, while the US had a share of almost 10% of India’s publications, increasing to more than 16%. These numbers illustrate the unequal scientific relationship between India and the USA.
D. Citation analysis
We counted (in the WoS) the number of received citations for each publication year in the period 2003-2013. These citations were counted over a ten-year period (plus the publication year) if possible, i.e., for the publication years 2003-2013, and over 5-years (plus the publication year)  for the period 2003-2018. For each publication year, we also determined the h-index again over a ten-year period, if possible, and over a 5-year period. Similarly, we determined the average number of citations and the median number of citations. We did this for all publications, domestic publications only, and for the collaboration with the USA. 
[bookmark: _Hlk179045764]D.1. Citations of all Indian publications
Table 4 shows the data for all Indian publications. The nine columns refer respectively to the publication year (FPY), the sum of all citations received by all publications (of the year in the first column) over a ten-year period (plus the publication year) (CIT10), the same data for a five-year period (CIT5), the h-index calculated over the ten-year period (h10), the h-index calculated over the five-year period (h5), the average number of received citations over the ten-year period (AV10)and over the five-year period (AV5), and finally the median number of received citations over the ten-year (MED10) and over the five-year period (MED5).
[bookmark: _Hlk187165768]Table 4. Citations received by all Indian publications
	[bookmark: _Hlk187165803]FPY
	CIT10
	CIT5
	h10
	h5
	AV10
	AV5
	MED10
	MED5

	2003
	1,115
	668
	16
	12
	12.67
	7.59
	5
	2.5

	2004
	1,380
	844
	21
	15
	16.24
	9.93
	8
	5

	2005
	1,847
	1,066
	22
	17
	18.11
	10.45
	7
	5

	2006
	1,724
	938
	21
	14
	13.06
	7.11
	7
	4

	2007
	2,114
	1,082
	21
	16
	17.76
	9.09
	9
	5

	2008
	3,830
	2,124
	32
	23
	24.09
	13.36
	10
	6

	2009
	4,564
	2,688
	33
	24
	22.82
	13.44
	13
	7

	2010
	4,241
	2,454
	31
	24
	19.1
	11.05
	11
	7

	2011
	5,953
	3,559
	37
	28
	21.26
	12.71
	10
	7

	2012
	6,804
	3,912
	43
	30
	22.46
	12.91
	13
	7

	2013
	9,941
	5,585
	46
	31
	25.82
	14.51
	14
	9

	2014
	
	7,125
	
	35
	
	15.9
	
	8

	2015
	
	8,263
	
	41
	
	15.95
	
	8

	2016
	
	8,998
	
	39
	
	15.93
	
	9

	2017
	
	12,331
	
	43
	
	19.64
	
	10

	2018
	
	13,061
	
	49
	
	16.98
	
	10



[bookmark: _Hlk187165990]The trend in citations received for all Indian publications is shown in Figure 2.


[bookmark: _Hlk187166082][bookmark: _Hlk186121330]Fig. 2. Total number of citations for Indian publications: lower curve over five years; higher over ten years.
[bookmark: _Hlk187166132]Over five and over ten citation years an exponential curve fits best (R2 = 0.98, resp. 0.97). We also calculated h-indices over a 5 and a 10-year citation period. The corresponding trends are shown in Fig. 3. The average number and median number of received citations are shown in Figs. 4 and 5.


[bookmark: _Hlk187166241]Fig. 3. h-Indices of yearly Indian citation curves; blue over five years; orange over ten years.
[bookmark: _Hlk187166298]There is a clear linear increase for the h-indices, the average number of received citations and the median number of citations. As h-indices depend on the number of publications and the number of citations and as both are increasing, it is obvious that also the h-index should increase. 

[bookmark: _Hlk187166445]Fig. 4. Average number of received citations over a ten- and five-year citation period; lower one over five years; higher one over ten years.

[bookmark: _Hlk187166519]The five-year average number of citations shows a linearly increasing trend (R = 0.91) and also the ten-year curve is more or less linearly increasing  (R = 0.82).

[bookmark: _Hlk187166702]Fig. 5. Median values of received citations;  blue over five years; orange over ten years.

[bookmark: _Hlk187166761]Also median values are linearly increasing with correlations equal to R=0.95 (5 year curve) and R = 0.90 (10 year curve). 

[bookmark: _Hlk187166797]D.2. Citations received by Indian domestic publications
[bookmark: _Hlk187166837]In this section, we focus on Indian domestic publications, data are shown in Table 5.
[bookmark: _Hlk187166865]Table 5. Citation data for Indian domestic publications
	[bookmark: _Hlk187166900]FPY
	CIT10
	CIT5
	h10
	h5
	AV10
	AV5
	MED10
	MED5

	2003
	583
	352
	11
	9
	9.25
	5.53
	5
	2

	2004
	903
	530
	16
	13
	13.48
	7.91
	5
	4

	2005
	1,174
	637
	17
	14
	16.31
	8.85
	7
	5

	2006
	1,340
	727
	18
	12
	13.27
	7.2
	6
	4

	2007
	1,129
	578
	17
	11
	12.98
	6.64
	8
	5

	2008
	2,721
	1,497
	24
	18
	24.08
	13.25
	9
	5

	2009
	2,361
	1,432
	25
	20
	16.86
	10.23
	9
	5.5

	2010
	2,085
	1,147
	23
	16
	14.79
	8.13
	8
	4

	2011
	2,390
	1,448
	27
	18
	13.82
	8.37
	8
	6

	2012
	3,565
	2,081
	33
	25
	18.57
	10.84
	12
	7

	2013
	5,263
	2,976
	36
	24
	20.64
	11.67
	13
	8

	2014
	
	2,872
	
	25
	
	9.7
	
	6

	2015
	
	4,237
	
	28
	
	12.28
	
	7

	2016
	
	4,581
	
	31
	
	11.99
	
	7

	2017
	
	4,668
	
	33
	
	12.35
	
	8

	2018
	
	6,428
	
	36
	
	13.04
	
	8





[bookmark: _Hlk187167079]Fig. 6. Received citations for Indian domestic publications: 5 and 10-year citation periods; blue over five years; orange over ten years.
[bookmark: _Hlk187166949]Received citations have an exponential increase, but note the peak in the year 2008, which becomes stronger over a 10-year period. This peak in 2008 can be explained by three articles published in 2008 that received (in 2024) each a total of more than 300 citations.
[bookmark: _Hlk187167176]Note that, logically, this peak as no influence on the h-index and the median number of received citations, but a huge influence on the average number of citations of articles published in 2008, see Figs 10,11,12. Removing the data for 2008 would yield a Pearson correlation  of 0.98 for both curves. 

[bookmark: _Hlk187167308]Fig. 7 Evolution of h-indices of Indian domestic publications

[bookmark: _Hlk187167433]Fig. 8. Evolution of averages of Indian domestic publications


[bookmark: _Hlk187167518]Fig.9 Evolution of median values of Indian domestic publications

[bookmark: _Hlk187167560]D.3 Citations to India-US collaborated papers
In this section we present citation data for the US-India collaborations, see Table 6. As the yearly numbers of joint publications are rather small in the early years we only present data from 2014 on. Recall that these papers may have other collaborating countries.
[bookmark: _Hlk187167667]Table 6. Citation data for US-India collaborated papers
	[bookmark: _Hlk187167718]FPY
	# PUB
	CIT5
	h5
	AV5
	MED5

	2014
	55
	2,734
	23
	49.7
	18

	2015
	55
	1,880
	23
	34.2
	17

	2016
	66
	1,828
	21
	27.7
	13

	2017
	89
	4,236
	22
	47.6
	14

	2018
	114
	3,155
	26
	27.7
	15



[bookmark: _Hlk187167635]The numbers of India-American joint publications are relatively small, but increasing (see also Table 3). Yet, as a consequence of the first remark, the yearly ranking of the other four indicators is irregular.
[bookmark: _Hlk187167775]D.Conclusion and future work

[bookmark: _Hlk186705339]We have studied all quantum computing-related articles and reviews in the WoS with at least one Indian author. We separately considered domestic publications (all authors have an Indian address) and collaborations with the USA. Besides numbers of publications we also considered yearly citations and the corresponding h-indices. There is a generally increasing trend for all indicators, but a relative decrease in domestic publications, hence an increase in internationally collaborated publications.
Future work: Comparing India with China and the United States
In further work (in preparation), we will perform a similar study for China and the USA and then compare the results between the three countries. As an illustration, we show the publication curves for the three countries (Fig. 10). This figure shows that China has surpassed the USA in terms of publications included in the Web of Science and that India is still relatively far behind. Yet the increase in recent publications in the WoS is higher for India than for the USA.

[bookmark: _Hlk187168140]Fig.10   Publication curves on quantum computing: blue is the USA, orange is China and green is India.
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