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Abstract

:

The transmission of stock price fluctuations of listed companies in the rare earth industry has complex characteristics. Mastering its transmission law is of great meaning to understand the relationship between the upstream and downstream of the rare earth industry chain and market investment. This article uses the time series of daily closing prices of stocks in the global rare earth industry chain in the past ten years as the research object. The Granger causality test and complex network theory were used to construct the risk transmission network of the industrial chain. We have identified the key stocks in the network of stock price fluctuation in the rare earth industry chain and obtained the transmission path of stock price fluctuation. According to the results: (1) The stocks of Chinese and Japanese listed companies considerably influence the transmission of the stock price fluctuation in the rare earth industry chain. (2) The transmission distance of the stock price fluctuation of each network is relatively small, and the transmission speed is relatively fast. (3) The fluctuation of stock price in the rare earth industry chain is mainly transmitted from the upstream and midstream links to the midstream and downstream links.
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1. Introduction


Rare earth materials are strategic resources known as “industrial vitamins”. These materials are separated into light and heavy rare earth materials according to the differences in the mineral characteristics. Rare earth materials are used in the military [1], metallurgical [2], petrochemical [3], and other fields; consequently, the development of the rare earth industry is crucial for the evolution of modern industries. The rare earth industry chain involves a group of rare earth enterprises with certain internal connections. The upstream, midstream and downstream links of the industrial chain are responsible for the progress of the rare earth ore, rare earth smelting and separation, and deep processing and application. An exchange of relationships and mutual values occurs between all links. The upstream links provide products or services to the midstream and downstream links, and then information is fed back upstream from downstream. Changes in any link affect the development direction of the industry chain and the decisions of investors and consumers. The stock price is the “barometer” of the macro-economy. The study of the fluctuation transmission mechanism of the stock prices of listed companies upstream, midstream, and downstream of the rare earth industry chain has two functions. First, the transmission mechanism of the stock price fluctuation in the rare earth industry chain can be comprehensively analyzed. We can also identify stocks that have a key conduction effect in the rare earth industry chain. Moreover, such an analysis can provide a reference for market participants in the rare earth industry chain to prevent and control the market fluctuation risks and assist rare earth-related companies and investors in making reasonable investment decisions.



The current research on rare earth materials is mainly focused on the global rare earth resource exploitation [4,5,6], China’s rare earth industrial policy [7,8,9], and supply chain in the rare earth industry chain [10,11,12].



The idea of the industrial chain comes from Adam Smith. Hirschman used this idea to analyze the impact of forward and backward linkages between enterprises on economic development [13]. Porter studied the relationship between manufacturers in different links of the industrial chain from the perspectives of the value chain and cost chain [14]. Steven further expanded the meaning of the industrial chain. He introduced the logistics chain and information chain into the industrial chain composed of manufacturers, suppliers, distributors, and consumers [15]. It is now generally believed that the industrial chain is a notion that includes four scales, namely, the value chain, enterprise chain, supply chain, and space chain. The current research on the industrial chain is mainly divided into research based on the value chain [16,17] and based on the supply chain [18,19].



The current research on the rare earth industry chain focuses on the supply chain, with an emphasis on the analysis and prediction of the supply and demand status of rare earth materials. Wang X B used the generalized Weng model to predict the output of the three rare earth materials mainly produced in China (mixed rare earth, bastnasite, and ion-absorbed rare earth) [20]. Ge J P constructed a dynamic computable equilibrium (DCGE) model to predict China’s rare earth production, domestic supply and exports in 2025 [21]. Wang X B predicted China’s rare earth element production trend and the Hubbert peak, and the results showed that China’s rare earth element production will peak by 2040 and gradually decline [22]. These studies provide a reference for the sustainable development of rare earth element markets and rare-earth-related industries in China and the world. In addition, Samsonov N Y analyzed the results of the global supply chain management methods of rare earths and rare metals in the United States, the European Union, and Russia as factors influencing the spatial distribution of international cooperation [23].



At present, the research on the industrial chain has begun to expand to the financial field, and the correlation between stock price fluctuations is used to reflect the correlation between the industrial chains. It mainly reflected the relationship with the supply and demand chain in the industrial chain, Liu J X discussed the impact of supply chain disruption on the stock market of Japanese listed companies [24]. Wang Y discussed the relationship between stock management and supply chain management [25].



With the continuous development of the rare earth industry, the rare-earth-related financial market has also attracted the attention of scholars. Mainly focused on the relationship between the rare earth market and other markets. Reboredo J C used a Markov switching vector autoregressive model to analyze the price spillover between rare earth stocks and financial markets [26]. Chen Y investigated the fluctuation spillover and dynamic correlation between international crude oil, new energy, and Chinese rare earth markets [27]. Bouri E analyzed the dynamics of return and volatility connectedness between the rare earth stock index and indices of clean energy, consumer electronics, telecommunications, healthcare equipment, aerospace, and defense [28]. The results indicated that extreme market scenarios considerably influence the earnings and volatility connectivity dynamics. Zheng B A studied the asymmetric connectivity and dynamic spillovers of China’s renewable energy and rare earth markets and described the risk transfer between renewable energy and rare earth market companies in the form of network connectivity [29].



The complex network method has been widely used in trade [30], energy [31], finance [32], and other fields. This method is used to analyze the overall structure, correlation mechanism, conduction path, and other relationships among a large number of variables. Granger causality test analyzes the causal relationship between variables from the perspective of prediction and is often used in biological sciences [33], social sciences [34], finance [35], and other fields. B Algieri used Granger causality test to analyze the relationship between stock market volatility, speculation, and unemployment. The result negated the traditional present value model (PVM) and provided new elements for the possible determinants of stock price fluctuations. It is verified that the Granger causality test is advanced in the research of stock price fluctuation [36]. Several scholars have combined the two methods. Specifically, the researchers used the Granger causality test method to identify the relationships among the time series and later used the complex network theory to map these relationships to the network. For example, Sun Q R constructed a price index Granger causality network to analyze the volatility transmission path of a certain price index [37]. Huang C X ranked the influence nodes of China’s A-share market. In the rare earth stock market, the interconnections among stocks lead to the generation of a complex system [38]. Therefore, to study the fluctuation transmission mechanism among the stock prices of listed companies upstream, midstream, and downstream of the rare earth industry chain, it is necessary to use the Granger causality test to identify the relationships among the stocks. Next, we used the stocks as nodes and the Granger causality among the stocks as edges to construct a transmission network of the stock price fluctuation in the rare earth industry chain.



According to the above-mentioned studies, the current research on the rare earth industry chain and rare earth stock market is relatively separate. Most studies on the rare earth stock market focus on the spillover effects of stock price fluctuation between the rare earth stock market and other markets. The emphasis is on the mutual influence of investment in different markets rather than the investment in the rare earth market. Therefore, research on the stock market associated with the rare earth industry is limited. From the perspective of the rare earth industry chain, this paper examines the fluctuation transmission mechanism of the stock prices of listed companies upstream, midstream, and downstream of the rare earth industry chain. Using the correlation of stock price fluctuations to reflect the correlation between various links of the industrial chain. The objective is to provide a reference for market participants in the rare earth industry to prevent and control market fluctuation risks.



The article is organized as follows. A directional transmission network of the stock price fluctuation in the rare earth industry chain was constructed. Considering the transmission capacity of stock price fluctuation, transmission medium capacity, transmission cohesion, and transmission distance, the stocks that are in key transmission positions in the rare earth industry chain were determined. The CONCOR method and the maximum spanning tree method were used to identify the conduction path. It is hoped that the findings can help market participants in the rare earth industry chain prevent and control market fluctuation risks and provide a reference for investors to make reasonable investment decisions.




2. Materials and Methods


2.1. Data Source and Preprocessing


The wind database is the core database in the field of financial data. The industry chain platform provides industrial chain maps and related data that the market emphasizes. The research object in this study is the time series of daily closing prices of the rare earth industry chain stocks from 4 January 2011 to 31 December 2020. After removing the companies listed and delisted in the selected years, we retained 7, 24, and 20 stocks in the industrial chain and middle and downstream links. In constructing the whole network, the data of stocks in multiple links such as 600111.SH (China) and 600549.SH (China) were retained only once. The links in which these stocks are located were divided into upstream, midstream, and downstream, as well as upper and middle reaches and middle and lower reaches. Finally, we obtained 44 stocks in the whole industrial chain, with each stock corresponding to 2432 valid data points. The links in the industrial chain of each stock are shown in Figure 1. The upstream, midstream, and downstream links are responsible for the development of rare earth ore, rare earth smelting and separation, and its deep processing and application.



To accurately represent the stock price changes, the data were normalized using Equation (1).


    x ′   =   x −  x  min      x  max   −  x  min      



(1)







In the formula,  x  is the closing price of the original stock,    x  min       represents the minimum value of the stock data,    x  max     represents the maximum value, and    x ′    is the normalized data point.



The Granger causality test requires the time series to be a stationary time series. We used the augmented Dickey–Fuller (ADF) test to ensure the stationarity of the time series, using the following expression.


   x t  = α +  β t  +    γ x    t − 1   +   ∑   i = 1   p − 1    α i  Δ  x  t − i   +  ε t   



(2)







In the formula,    x t    is the time series of the stock closing prices,   Δ  x t    is the first-order difference, and    ε t    represents the error term. The null hypothesis of the ADF test is    H 0  : γ = 0  . Accepting or rejecting the null hypothesis means that the time series is nonstationary or stationary, respectively.




2.2. Methodology


2.2.1. Construction of the Network Model


	
Granger causality test.






The Granger causality test is used to analyze the causal relationship between variables from the perspective of prediction [39]. Given two stationary time series    X t    and    Y t   , the autoregressive model  r  of    Y t    is defined as in Equation (3), and the prediction model  u  of    Y t    with the lagged variable of    X t    is defined as in Equation (4).


   Y t  =  α 0  +   ∑   i = 1  p   α i   Y  t − i   +  ε t   



(3)






   Y t  =  α 0  +   ∑   i = 1  p   α i   Y  t − i   +   ∑   i = 1  q   β i   X  t − i   +  ε t   



(4)







In the formula,    α 0    is a constant term,  p  and  q  represent the maximum lag periods of the variables    X t    and    Y t   , respectively,    α i    and    β i    are regression coefficients, and    ε t    is an error term. The null hypothesis “   H 0  :  β 1  =  β 2  = … =  β q  = 0  ” means that    X t    is not the cause of the change in    Y t   , and the F statistic is defined as shown in Equation (5).


  F =    (    RSS  r  −   RSS  u   )  / q     RSS  u  /  (  n − p − q − 1  )    ~ F  (  q , n − p − q − 1  )   



(5)







In the formula,     RSS  r    and     RSS  u    represent the residual sum of squares of the above-mentioned two models, and  n  is the sample size. For a given significance level  α  (this paper selects 0.01 as the significance level), if   F ≥  F α   (  q , n − p − q − 1  )   ,    β 1  ,  β 2  , … ,  β q  ≠ 0  , and we rejected t the null hypothesis such that    X t    is the cause of the change in    Y t   ; otherwise, were accepted the null hypothesis of    X t    not being the cause of the change in    Y t   .



The data of 7 stocks upstream of the rare earth industry chain, 24 stocks midstream, 20 stocks downstream, and 44 stocks (there are 44 stocks in total, not 51 because some stocks are common to different streams) in the whole industrial chain were considered to perform Granger causality tests in pairs. Subsequently, we obtained the Granger causality matrix between each pair of stocks of the four groups. If a causal relationship exists between two stocks, the test result is 1; otherwise, the result is 0.



	2.

	
Complex network theory.







A complex network requires two basic elements of nodes (M) and edges (N) to construct a model F = (M, N). Each stock was considered as the node of the network, and the Granger causality between the stocks is considered as the edge between the nodes to construct a directed complex network. If stock A is the Granger cause of stock B, a directed edge exists between A and B, starting from A and ending at B. If no Granger cause exists between the two nodes, no edge exists. By implementing these steps, the Granger causality between the stocks in the rare earth industry chain was reflected in the complex network. This paper constructs upstream, midstream, and downstream stock price fluctuation correlation subnetworks and a group of whole networks.



	3.

	
CONCOR iterative correlation convergence method.







After determining the Granger causality matrix among stocks, the CONCOR method was used to divide the matrix into independent submatrices, also known as “blocks”. The relationship between the nodes in each submatrix is strong, and the relationship between each submatrix can be analyzed. The basic working principle of CONCOR is as follows: first, the correlation coefficient between the rows (or columns) of the matrix needs to be calculated to obtain the correlation coefficient matrix C1. Subsequently, the correlation coefficients between the rows (or columns) of C1 need to be calculated to obtain the correlation coefficient matrix C2. The calculation was iteratively performed, and finally, a matrix with a correlation coefficient of 1 or −1 was obtained. The system simplifies the matrix of the iterative process to obtain the partition of each stock. Subsequently, according to the density table and α-density index, we can obtain the density table between blocks. Finally, we could obtain a highly generalized image matrix and draw a simplified diagram to study the risk transmission path of the stock price fluctuation.



	4.

	
Maximum spanning tree model.







The maximum spanning tree is the connected graph with the shortest connection path of all nodes in the network, and it is the connected graph with the largest edge weight. The propagation path of stock price fluctuation is usually from the country that sends the fluctuation to the most closely related country, which also means that there is the shortest and fastest path to all nodes, that is, the largest spanning tree graph. Therefore, the maximum spanning tree model can identify the transmission path of stock price fluctuation for the reference of rare earth market participants and investors. This paper adopts the Kruskal algorithm (Joseph Kruskal, 1956) to construct the maximum spanning tree. The basic principle is: first, all the points in the graph are regarded as isolated branches, and the edges in the graph are sorted according to their weights. Traverse the graph once to find the edge with the largest weight, and ensure that the edge found this time cannot form a loop with the edge that has been added to the largest spanning tree set. If the conditions are met, this edge is added to the maximum spanning tree set. If the conditions are not met, continue to traverse the graph to find the next edge with the largest weight. Repeat the above steps until n-1 edges are found (if there are n nodes in the graph, the maximum spanning tree should have n-1 edges), the algorithm ends, and the maximum spanning tree corresponding to the graph is obtained. The stock price fluctuation network in this paper is a directed and unweighted network, and the maximum spanning tree model is only used to identify the connected graph with the shortest path without considering the weight of the edge.




2.2.2. Construction of the Transmission Network


We performed an ADF test on the data of the 44 stocks, and stable time series were obtained after the first-order difference was implemented. We performed a Granger causality test on the time series after applying the first-order difference to obtain the Granger causality between any two stocks. Next, we considered the stocks as nodes and Granger causality between stocks as edges to construct a directional transmission network of the stock price fluctuation in the rare earth industry chain. A total of 44 nodes and 399 edges exist in the transmission network of the stock price fluctuation of the whole rare earth industry chain. The networks upstream, midstream, and downstream of the industrial chain have 7, 23, and 20 nodes and 15, 115, and 96 edges, respectively. No Granger causality relationship exists between 300127.SZ (China) and any other stock in the midstream link; thus, the number of network nodes in the midstream link is 23. The network diagram of each link is shown in Figure 2. The blue nodes correspond to the upstream stock, the purple nodes correspond to the upstream and midstream shared stock, the orange nodes correspond to the midstream stock, the yellow nodes correspond to the midstream and downstream shared stock and the green nodes correspond to the downstream stock (The meaning of the color of the nodes in the network diagram in the follow-up of the article is the same). In terms of the scale of the subnetwork, the largest and smallest scales correspond to the midstream rare earth smelting link and upstream rare earth mining development link, respectively. The connections between nodes in the four groups of networks are relatively complex, and no isolated nodes exist except for those in the midstream network, indicating that these networks have high connectivity.



Figure 3 shows the transmission network between the upstream, midstream, and downstream layers of the transmission network of the stock price fluctuation in the rare earth industry chain. The figure intuitively shows the Granger causality transfer relationship within and among the upstream, midstream, and downstream links of the industrial chain. Moreover, the figure shows that the stock price fluctuation of any stock in the rare earth industry chain may affect other stocks in the industry chain.




2.2.3. Topological Structure of the Network


	
Transmission ability of the stock price fluctuation.






In the transmission network of the stock price fluctuation in the rare earth industry chain, the node degree of a stock represents the Granger causality between the stock and other stocks. A stock’s out-degree indicates the number of Granger causes that the stock serves as other stocks, which means how many other stocks will the stock price fluctuation of one stock cause. It could be used to express the transmission ability of the stock’s price fluctuation. A larger out-degree corresponds to a greater transmission capacity of the stock price fluctuation. Similarly, a stock’s in-degree indicates the number of Granger causes that the stock serves as other stocks, which means the stock price of a stock will be affected by the stock price fluctuations of how many other stocks. It could be used to express the degree of exposure of the stock to fluctuation in other stock prices. A larger in-degree corresponds to a more notable exposure of the stock to fluctuation in other stock prices. The formulas of the out-degree and in-degree are shown in Equations (6) and (7), respectively [40].


   D  out    ( i )  =   ∑   i = 1  n    ∑   j = 1  n   G  ij    



(6)






   D  in    ( i )  =   ∑   i = 1  n    ∑   j = 1  n   G  ji    



(7)




where  i  and  j  are stocks;    G  ij   = 1   means that  i  is the Granger cause of  j ; and    G  ij   = 0  , means that  i  is not the Granger cause of  j .



	2.

	
Transmission medium capacity of stock price fluctuation.







The ability of a medium for stock price fluctuation transmission can be described by the betweenness centrality of the node. The betweenness centrality of a node in the network measures the degree to which a node controls the resources and can indicate the degree to which the node controls the interactions of other nodes, which could indicate the extent to which the stock is a stock through which the stock price fluctuation of one stock must be transmitted to another stock. The betweenness centrality can be defined as in Equation (8).


   B i  =     ∑  j n    ∑  k n   g  jk    ( i )  /  g  jk      n 2  − 3 n + 2   , j ≠ k ≠ i , j < k .  



(8)




where      i  ,    j  ,  and   k      represent stocks, and    g  jk     represents the number of shortcuts between  j  and  k . The value range of    B i    is [0, 1]. If the betweenness centrality of a stock is 0, the stock cannot control other stocks and is at the edge of the network. If the betweenness centrality of a stock is 1, the stock can control 100% of other stocks, is located at the core of the network, and exerts a considerable influence.



	3.

	
Transmission distance of the stock price fluctuation.







In the transmission network of the stock price fluctuation of the rare earth industry chain, the transmission distance of the stock price fluctuation refers to the number of intermediate variables that the stock price fluctuation of a stock passes through to other stocks and all stocks in the rare earth industry chain. This indicator describes the speed and efficiency of the transmission of stock price fluctuation of any two stocks. This can be measured as the average shortest path length  L  of the complex network, the least number of edges that the stocks have to interact with each other, as shown in Equation (9). A smaller L corresponds to faster transmission of the stock price fluctuation.


  L =     ∑   i < j    d  ij     N  (  N − 1  )     



(9)




where  L  is the average shortest path length,  N  is the number of nodes in the network,  i  and  j  are stocks, and    d  ij     is the number of edges on the shortest path connecting nodes  i  and  j .



	4.

	
Transmission cohesion of stock price fluctuation.







The cohesion of the transmission of stock price fluctuation between stocks in the rare earth industry chain refers to the aggregation degree of transmission of stock price fluctuation between stocks, which can be characterized by the clustering coefficient of the nodes. The clustering coefficient of a node refers to the possibility that all nodes connected to the node in the network are also connected to one another. This indicates the stability of the stock’s impact on other stocks. The clustering coefficient of node  i  indicates the possibility that the neighboring nodes of node  i  are also neighbors of each other, meaning that the number of nodes directly connected to node  i  is at least 2. The clustering coefficient of node  i  can be calculated using Equation (10).


   C i  =    M i     k i   (   k i  − 1  )     



(10)







For a directed network, when node  i  has    k i    nodes directly connected to it,    k i   (   k i  − 1  )    represents the maximum possible number of edges between the    k i    nodes, and    M i    represents the actual number of edges.



The calculation formula of the average clustering coefficient C is shown in Equation (11).


  C =  1 N    ∑   i = 1  N   C i   



(11)







	5.

	
Transmission path of the stock price fluctuation.







The density table and image matrix between the subgroups obtained by the CONCOR method can be used to study the fluctuation transmission relationship between the subgroups. The value in the density table represents the ratio of the number of edges between the column and row subgroup nodes to the total number of edges. The density of the relationship between any two subgroups in the transmission network of the stock price fluctuation in the rare earth industry chain can be calculated using Equation (12).


  D =    E  α → β      P α  ×  P β     



(12)




where    P α    and    P β    represent the number of stocks in subgroups  α  and  β , respectively, and    E  α → β     represents the number of edges from subgroup  α  to subgroup  β .



This paper uses the α-density index to calculate the value in the image matrix.  α  is generally the average density value of the network    D p   , and the calculation formula is shown in Equation (13).


   D p  =  E  N  (  N − 1  )     



(13)




where  E  and  N  represent the numbers of network edges and nodes, respectively. If the density  D  is greater than or equal to the average density value of the network,    D p   , the element in the image matrix is set as 1; otherwise, it is set as 0.






3. Results and Discussion


3.1. Identification of Key Stocks


3.1.1. Transmission Ability of the Stock Price Fluctuation


By considering the out-degree and in-degree of the nodes in the network, we could identify the transmission ability of the stock price fluctuation and a corresponding degree of influence in the industry chain. Comparing Table 1 and Table 2, it can be noted that except for 8058.T (Japan), stocks with a strong transmission ability in the whole industrial chain also have a strong transmission ability in their own links. Except 600580.SH (China) and BFA.L (Germany), the remaining stocks which are strongly affected by the price fluctuation of other stocks in the whole industrial chain are greatly affected by the price fluctuation of other stocks in their own links. This finding indicates that fluctuation in the stock price of the entire rare earth industry on the chain is highly correlated. Moreover, such stocks must be emphasized in their links and in the whole rare earth industry chain.



The most critical stocks are AVL.TO (Canada) and 002249.SZ (China). The price fluctuations of these two stocks will cause the price fluctuations of 43 other stocks in the industry chain except themselves. The former stock can transmit price fluctuation to the other 6 stocks in the upstream link, and the latter stock can transmit price fluctuation to the other 19 stocks in the downstream link. In other words, the fluctuation in the price of these two stocks may lead to a notable fluctuation in the price of any other stock in the whole industrial chain. Among the 7 stocks occupying two links in the industrial chain, 600549.SH (China) has a strong transmission ability in the upstream, midstream, and the whole industrial chain. In addition, BFA.L (Germany) has strong transmission capabilities in the midstream, downstream, and the whole industrial chain. However, ALB.N (U.S.) is strongly affected by other stock price volatilities in the midstream, downstream, and the whole industrial chain. In other words, the stock is relatively fragile and must enhance its ability to prevent and control the risk of stock price fluctuation.



Three of the top five stocks in the overall industry chain are Chinese companies. It can be seen that the transmission of Chinese companies in the upper reaches of the industry chain occupies an important position. This is because, for a long time, China has occupied the world’s largest rare earth reserves and has assumed the role of the world’s major rare earth supplier. In the top 10 stocks, 5 stocks are from Japan, indicating that Japanese companies occupy an important position in the middle and lower reaches. As Japanese companies mostly use rare earths in polishing materials, magnets, batteries, and ceramics, and the products they produce, such as large-screen TVs, automobiles, and small motors, they are increasingly indispensable for daily production. This has made Japan a major consumer of rare earths and therefore Japan occupies an important position in the rare earth industry chain.



It can be seen from Figure 4, with the exception of the upstream links of the industrial chain, 1/5 of the stocks in the remaining links and the entire industrial chain have suffered about half of the stock price fluctuation. Indicating that the network is relatively stable and the stocks that are susceptible to fluctuation are relatively few. The transmission capacity of the seven stocks in the upstream link does not have similar characteristics as other links. This is because, on the one hand, there are fewer stocks in the upstream link. On the other hand, the upstream companies are mainly responsible for the development of rare earth mines. The production is mainly based on the output of its own deposits, and it is less affected by each other.




3.1.2. Capacity of Transmission Media of the Stock Price Fluctuation


Stocks with a strong transmission ability play key roles as media. Identifying the transmission media ability of stocks can help identify the transmission path of the stock price fluctuation. Table 3 and Table 4 list the five stocks that exhibit the highest transmission control power of stock price fluctuation in each link of the rare earth industry chain and the ten stocks that exhibit the highest transmission control power of stock price fluctuation in the whole industry chain. AVL.TO (Canada) has the highest transmission media capacity in the upstream links and the whole industrial chain. BFA.L (Germany) has a considerably higher price transmission control power than other stocks in the midstream and downstream links. BFA.L (Germany) is a large international chemical company that produces various products in 39 countries and has business dealings with customers in more than 170 countries. Many stocks in the rare earth industry chain are directly connected to it or through it to other stocks. In combination with the analysis of the transmission capacity, it can be noted that these stocks significantly influence the price fluctuation transmission path of the stock price fluctuation in the rare earth industry chain. Controlling the price fluctuation of these stocks can help ensure the stability of stock prices in all links of the whole industrial chain.



Although some stocks do not have a high transmission capacity, they have a strong intermediary capacity because they are connected to many key stocks. For example, GE.N (United States) receives the fluctuation transmission of key stocks such as stocks AVL.TO (Canada) and 002249.SZ (China), and subsequently acts as an intermediary to pass the fluctuation to other connected stocks. Therefore, it becomes a stock with a key media role and plays an important role in the industrial chain.




3.1.3. Transmission Cohesion of the Stock Price Fluctuation


The clustering coefficient of a node quantifies the cohesion of price fluctuation transmission between a stock and its related stocks. A higher clustering coefficient of a node corresponds to a stronger transmission relationship between the stock and the related stocks. Moreover, this coefficient indicates that the price fluctuation transmission relationship between the stock and the related stocks is relatively weak, and the possibility of price fluctuation transmission to other stocks is large. Table 5 shows that the overall transmission cohesion of stocks upstream of the industrial chain is higher than those of the midstream and downstream links, indicating that the transmission relationship generated by stock price fluctuation in the upstream links is relatively stable and Chinese listed companies occupy an important position.



Moreover, Table 6 shows that the transmission capacity of stocks with a higher transmission cohesion in the whole industry chain and the degree of influence of other stock price volatilities are not high. However, the fluctuation of these stock prices affects the other stocks within a certain range, thereby increasing the risk of market fluctuation. Therefore, stocks with high clustering coefficients must be monitored to implement effective measures in time to prevent drastic market fluctuation.




3.1.4. Transmission Distance of the Stock Price Fluctuation


According to the operating results of each network, the relevant index values of the stock price fluctuation transmission distance of each link in the rare earth industry chain can be obtained as shown in Table 7. Considering the whole network as an example, it can be concluded that the diameter of the transmission network of the stock price fluctuation in the whole rare earth industry chain is 6. This finding shows that the stock price fluctuation of any one of the 44 stocks can affect the stock prices of other stocks through up to 5 stocks as the media. The average shortest path of the network is 2.367, indicating that the distance and speed of the stock price fluctuation among different stocks are low. The average shortest paths of the upstream, midstream, and downstream sub-networks are 1.583, 2.329, and 2.096, respectively, all of which correspond to a relatively small transmission distance of the stock price fluctuation. The clustering coefficients are 0.602, 0.303, and 0.346. The upstream network density is high, and the relationship between the stocks is strong. Moreover, the small average shortest path upstream (1.583) and large clustering coefficient (0.602) indicate that the transmission network of the stock price fluctuation upstream of the rare earth industry chain involves notable small-world characteristics.





3.2. Transmission Path of the Stock Price Fluctuation


3.2.1. Transmission Path Based on CONCOR Method


The transmission path analysis of the stock price fluctuation can effectively identify the transmission mechanism among the links of the rare earth industry chain and narrow the scope of the stock price fluctuation risk detection. According to the network of the whole rare earth industry chain, 6502.T is the complete receiver of price fluctuation. It is a separate division under any divisional conditions, which affects the overall divisional results of individual stocks in the entire industry chain. This article deletes the stock and partitions the remaining stocks. When we use the CONCOR method to set the segmentation depth to 3, 8 subgroups are obtained. Due to the small number of stocks, the number of stocks contained in some subgroups is only 1, and the partitioning effect is poor. When the segmentation depth is set to 2, a good partition result is obtained. We modularize the overall network of stock price fluctuation in the rare earth industry chain to obtain the optimal subgroup division result, block matrix, and density matrix. The network is divided into 4 subgroups. The block matrix shows the number of edges between members of each subgroup, as indicated in Table 8.



In this network, the stock price fluctuation of different subgroups affects those of other subgroups, and the stock price fluctuation of one subgroup is transmitted to other subgroups. The fluctuation transmission ability of subgroups can be expressed as the sum of the out-degrees of the members of the subgroups. The fluctuation transmission ability within and between subgroups are shown in Figure 5 and Figure 6. A deeper yellow corresponds to fewer relationships, and a deeper red corresponds to more relationships. According to Figure 5 and Figure 6, it can be noted that the Granger causality relationship within the four subgroups is 385, and the number of fluctuation transmission relationships between the four subgroups is 320. In other words, the transmission effect of the stock price fluctuation between the subgroups is notable. Subgroups 1 and 2 contain 29 stocks and 6 stocks, respectively, and the numbers of other affected subgroups are 185 and 119, accounting for 57.81% and 37.19%, respectively. Therefore, subgroups 1 and 2 belong to the stock subgroup with a strong transmission ability of the stock price fluctuation. Subgroups 3 and 4 contain 4 stocks each, and the numbers of stocks affected by other subgroups are 93 and 107, accounting for 29.06% and 33.44%, respectively. Therefore, subgroups 3 and 4 belong to the stock subgroup that is greatly affected by the fluctuation of other stocks. According to Figure 7, which shows the relationship density between the four subgroups, the causality density of subgroup 1 to subgroup 4 is the largest, with a value of 0.733. Therefore, the causality transmission from subgroup 1 to subgroup 4 is the most significant. Subgroup 2 has a high density of causality to other subgroups as a whole, indicating that the transmission of stock price fluctuation from subgroup 2 is relatively stable.



The average density of the stock price fluctuation network of the rare earth industry chain is 0.393. In combination with the density matrix shown in Figure 6, we could obtain an image matrix, as shown in Figure 8. According to the diagonal of the image matrix, the value of subgroup 2 is 1, which indicates that the fluctuation transmission path within this subgroup is highly important compared to other subgroups. According to Figure 8, the transmission path between subgroups is extracted and schematically illustrated in Figure 9. Subgroup 1 is both the sender and the receiver of fluctuation transmission and plays a clear mediating role in the whole network. Subgroup 2 is the sender of wave conduction and only receives self-transmission. Subgroups 3 and 4 are fluctuation transmission receivers. These findings indicate that the Granger causality between the stock prices of the rare earth industry chain, that is, the transmission relationship of the stock price fluctuation, is mainly transmitted from subgroup 2 to subgroup 1 and further to subgroups 3 and 4, or directly transmitted from subgroup 1 to subgroup 3, or transmitted from subgroup 2 to subgroup 4 directly.



According to Table 8 and Figure 9, the transmission path of the stock price fluctuation in the rare earth industry chain is overlaid on the transmission path of the stock price fluctuation in the rare earth industry chain which includes 6502.T, as shown in Figure 10. The stocks in any of the upstream, midstream and downstream links can play any role in the transmission path. The fluctuation transmission primarily originates from the stocks upstream and midstream; the stocks with an intermediary role are mainly in the midstream and downstream links; and the recipients of the wave transmission are stocks in the midstream and downstream links.



Based on the identification results of the above key nodes and the division of fluctuation transmission roles, after removing the relationship between the internal stocks of the links, the critical paths between the various links of the industrial chain as shown in Figure 11 are identified. Among them, there has also been a wave transmission from the middle to the upstream, such as 4188.T to AVL.TO and 600366.SH to AVL.TO. It shows that the transmission of volatility from the midstream to the upstream is also an important transmission mechanism. The midstream link obtains rare earth mineral raw materials from the upstream link. When the midstream demand changes, the upstream supply will change accordingly, which causes the stock price fluctuations in the upstream link.




3.2.2. Transmission Path Based on Maximum Spanning Tree


Figure 12 shows the largest spanning tree of the stock price fluctuation network of the rare earth industry chain, and its analysis program is written by Matlab software. The graph reflects the shortest path through which stock price fluctuation are transmitted to the entire network. As can be seen from the graph, 601600.SH (China), AVL.TO (Canada) and 600549.SH (China) are the central nodes, and three major clusters are formed through the clustering effect. The fluctuation sender cluster is centered on 601600.SH (China), the intermediary cluster centered on AVL.TO (Canada), and the fluctuation receiver cluster centered on 600549.SH (China). Among them, the clustering effect of fluctuation receivers is the most significant. Chinese stocks are at the center of the network, indicating that China plays a key role in the network of stock price fluctuation in the rare earth industry chain. At the same time, combined with the direction of transmission, it can be seen that the stock price fluctuation is generally sent from the upper and midstream links to the midstream and downstream links, which is the same as the overall transmission path identified by the CONCOR method.






4. Conclusions


At present, research on the rare earth industry chain and rare earth stock market is relatively separate. Most of the existing studies focus on the spillover effect of stock price fluctuation between the rare earth stock market and other stock markets and examine the mutual influence of the investment risks among different markets. Compared with that on the rare earth market investment risk, research on the stock market of the rare earth industry chain is limited. Considering this aspect, this article uses the Granger causality test and complex network theory to construct a transmission network of the stock price fluctuation in the rare earth industry chain. The transmission ability and transmission path characteristics of each stock in the rare earth industry chain are discussed. The objectives are to enrich the rare earth industry chain stock price fluctuation transmission theory and provide a reference for market participants in the rare earth industry chain to prevent and control market fluctuation risks. The following conclusions are derived:




	(1)

	
According to the CONCOR method and the maximum spanning tree model to identify the conduction path. As a whole, the transmission of stock price fluctuations in the rare earth industry chain is mainly based on the upstream and midstream links as the starting point of the fluctuations, and then affects the stock prices of midstream and downstream companies. At the same time, it also contains the adverse effects from the midstream to the upstream. Therefore, from the perspective of stabilizing stock prices and safeguarding shareholders’ rights, midstream and downstream listed companies should pay attention to the stock price fluctuations of upstream and midstream companies, especially AVL.TO (Canada) and 600549.SH (China). Upstream listed companies should pay attention to the stock price fluctuations of midstream listed companies in a timely manner, and take early measures to avoid the impact of abnormal stock price fluctuations in midstream and upstream companies. At the same time, all listed companies should actively pay attention to the abnormal fluctuations of 4188.T (Japan) and 600366.SH (China), which mainly play an intermediary role in the midstream link.




	(2)

	
According to the key stock identification results and the central node identification results of the largest spanning tree: 601600.SH (China), AVL.TO (Canada) and 600549.SH (China), play key role in the stock price fluctuation network of the rare earth industry chain. When investors are trading stocks, they could focus on the fluctuation of these stocks and make trading judgments in advance.




	(3)

	
China as a major rare earth supplier, and Japan as a major rare earth consumer, both play an important role in the transmission of stock price fluctuation in the rare earth industry chain. Regulators must conduct regular information statistics and financial evaluations for these influential companies, maintain the stability of the rare earth stock market, and prevent the spread of risks.




	(4)

	
The transmission distance of the stock price fluctuation in each network is small. The rise and fall of one stock is expected to affect other stocks in this distance. All market participants should focus on the fluctuation of the stock prices in the rare earth market and the fluctuation of the stock prices of companies that are significantly related to the fluctuation of their own stock prices. When abnormal conditions are detected, the investment intensity should be adjusted in time, the market investment strategy should be changed, and the investment risk should be effectively reduced.
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Figure 1. The position of each stock in the industrial chain. 
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Figure 2. Transmission networks of stock price fluctuation of the rare earth industry chain. Note: (a) the network in the upstream of the industry chain; (b) the network in the midstream of the industry chain; (c) the network in the downstream of the industry chain; (d) the network of the whole industry chain. 
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[image: Sustainability 13 12913 g002]







[image: Sustainability 13 12913 g003 550] 





Figure 3. The transmission network of stock price fluctuation between the upstream, midstream and downstream of the rare earth industry chain. 
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Figure 4. Cumulative distributions of in-degree of each network. 
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Figure 5. The number of Granger causality within and between subgroups. 
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Figure 6. The number of Granger causality between subgroups. 
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Figure 7. Granger causality density between subgroups. 
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Figure 8. Image matrix between subgroups. 
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Figure 9. Transmission path between subgroups. 
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Figure 10. The transmission path of stock price fluctuation of the rare earth industry chain. 
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Figure 11. The critical path between each link in the rare earth industry chain. 
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Figure 12. The largest spanning tree of the stock price fluctuation network of the rare earth industry chain. 
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Table 1. Transmission capacity and influence degree of stock price fluctuation in each link of the rare earth industry chain (top5).
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Sub-Network

	
Stock Code

	
Country

	
Transmission Capacity

	
Stock Code

	
Country

	
Influence Degree






	
upstream

	
AVL.TO

	
Canada

	
6

	
AVL.TO

	
Canada

	
5




	
600549.SH

	
China

	
4

	
600111.SH

	
China

	
3




	
601600.SH

	
China

	
2

	
600259.SH

	
China

	
2




	
600111.SH

	
China

	
1

	
000831.SZ

	
China

	
2




	
600259.SH

	
China

	
1

	
600549.SH

	
China

	
1




	
midstream

	
600549.SH

	
China

	
17

	
ALB.N

	
U.S

	
19




	
BFA.L

	
Germany

	
10

	
GE.N

	
U.S

	
16




	
5486.T

	
Japan

	
8

	
PHG.N

	
Holland

	
15




	
4004.T

	
Japan

	
8

	
JMAT.L

	
U.K.

	
12




	
4188.T

	
Japan

	
7

	
UMI.BR

	
Belgium

	
8




	
downstream

	
002249.SZ

	
China

	
19

	
F.N

	
U.S

	
14




	
BFA.L

	
Germany

	
9

	
ALB.N

	
U.S

	
14




	
6954.T

	
Japan

	
7

	
JMAT.L

	
U.K

	
13




	
6503.T

	
Japan

	
6

	
ABB.N

	
Switzerland

	
13




	
6506.T

	
Japan

	
6

	
UMI.BR

	
Belgium

	
8
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Table 2. Transmission capacity and influence degree of stock price fluctuation in the whole rare earth industry chain (top10).
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	Stock Code
	Country
	Transmission Capacity
	Stock Code
	Country
	Influence Degree





	AVL.TO
	Canada
	43
	ALB.N
	U.S.
	34



	002249.SZ
	China
	43
	F.N
	U.S.
	32



	600549.SH
	China
	35
	ABB.N
	Switzerland
	30



	BFA.L
	Germany
	16
	GE.N
	U.S.
	27



	601600.SH
	China
	11
	JMAT.L
	U.K.
	26



	8058.T
	Japan
	11
	PHG.N
	Holland
	26



	5486.T
	Japan
	10
	AVL.TO
	Canada
	16



	4004.T
	Japan
	10
	UMI.BR
	Belgium
	16



	6954.T
	Japan
	10
	600580.SH
	China
	15



	4188.T
	Japan
	10
	BFA.L
	Germany
	12
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Table 3. Transmission medium capacity of stock price fluctuation in each link of the rare earth industry chain (top 5).
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Sub-Network

	
Stock Code

	
Country

	
Out-Degree

	
Betweenness Centrality






	
upstream

	
AVL.TO

	
Canada

	
6

	
0.7000




	
600111.SH

	
China

	
1

	
0.0000




	
600259.SH

	
China

	
1

	
0.0000




	
000831.SZ

	
China

	
0

	
0.0000




	
600549.SH

	
China

	
4

	
0.0000




	
midstream

	
BFA.L

	
Germany

	
10

	
0.2165




	
GE.N

	
U.S.

	
2

	
0.1203




	
6502.T

	
Japan

	
3

	
0.1160




	
PHG.N

	
Holland

	
4

	
0.1074




	
JMAT.L

	
U.K.

	
5

	
0.0994




	
downstream

	
BFA.L

	
Germany

	
9

	
0.2221




	
002249.SZ

	
China

	
19

	
0.1535




	
6954.T

	
Japan

	
7

	
0.1473




	
JMAT.L

	
U.K.

	
4

	
0.0605




	
002196.SZ

	
China

	
3

	
0.0432
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Table 4. Transmission medium capacity of stock price fluctuation in the whole rare earth industry chain(top10).
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	Stock Code
	Country
	Out-Degree
	Betweenness Centrality





	AVL.TO
	Canada
	43
	0.4048



	JMAT.L
	U.K.
	8
	0.1881



	4188.T
	Japan
	10
	0.1542



	GE.N
	U.S.
	3
	0.0985



	600366.SH
	China
	9
	0.0849



	BFA.L
	Germany
	16
	0.0814



	6502.T
	Japan
	5
	0.0519



	ABB.N
	Switzerland
	2
	0.0468



	PHG.N
	Holland
	6
	0.0344



	600549.SH
	China
	35
	0.0281
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Table 5. Transmission cohesion of stock price fluctuation in each link of the rare earth industry chain (top 5).
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Sub-Network

	
Stock Code

	
Country

	
Out-Degree

	
Clustering






	
upstream

	
600259.SH

	
China

	
1

	
1.0000




	
000831.SZ

	
China

	
0

	
1.0000




	
601600.SH

	
China

	
2

	
1.0000




	
600111.SH

	
China

	
1

	
0.6667




	
600549.SH

	
China

	
4

	
0.4167




	
midstream

	
600206.SH

	
China

	
3

	
0.4167




	
4183.T

	
Japan

	
3

	
0.4167




	
6502.T

	
Japan

	
3

	
0.4048




	
600366.SH

	
China

	
4

	
0.4048




	
000969.SZ

	
China

	
4

	
0.4000




	
downstream

	
0179.HK

	
Bermuda

	
4

	
0.5000




	
300032.SZ

	
China

	
2

	
0.5000




	
7203.T

	
Japan

	
5

	
0.4286




	
600459.SH

	
China

	
5

	
0.4000




	
6506.T

	
Japan

	
6

	
0.3900
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Table 6. Transmission cohesion of stock price fluctuation in the whole rare earth industry chain(top 10).
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	Stock Code
	Country
	Out-Degree
	Clustering





	300127.SZ
	China
	0
	0.6667



	002196.SZ
	China
	4
	0.4722



	005930.KS
	Korea
	6
	0.4722



	0179.HK
	Bermuda
	5
	0.4583



	LYC.AX
	Australia
	6
	0.4464



	600259.SH
	China
	6
	0.4444



	000970.SZ
	China
	8
	0.4444



	7203.T
	Japan
	8
	0.4394



	6502.T
	Japan
	5
	0.4364



	4183.T
	Japan
	6
	0.4306
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Table 7. Related indicators of transmission distance of stock price fluctuation in each link of the rare earth industry chain.
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	Network
	Network Diameter
	Average Clustering Coefficient
	Average Path Length





	upstream
	2
	0.602
	1.583



	midstream
	6
	0.303
	2.329



	downstream
	5
	0.346
	2.096



	whole
	6
	0.364
	2.367
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Table 8. The stock composition of each module of the whole industrial chain network.
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	Subgroup
	Members of the Subgroup
	Node Number
	Edge Number





	1
	601600.SH, 600111.SH, 4188.T, 6762.T, 600259.SH, LYC.AX, 4004.T, 600366.SH, 000970.SZ, 300127.SZ, 000969.SZ, 6971.T, 5486.T, 600459.SH, 4063.T, BFA.L, 002176.SZ, 600206.SH, 6503.T, 7203.T, 8058.T, 6752.T, 002196.SZ, 005930.KS, 4183.T, 6506.T, 0179.HK, 6954.T, 7267.T
	29
	41



	2
	300032.SZ, 600549.SH, 000831.SZ, 300124.SZ, AVL.TO, 002249.SZ
	6
	19



	3
	UMI.BR, PHG.N, ABB.N, JMAT.L
	4
	4



	4
	GE.N, 600580.SH, ALB.N, F.N
	4
	1
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