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Seeking a scientific and reasonable population structure is the key to realizing low-carbon and green development of urban agglomerations. Based on the coupled coordination degree model and exploratory spatial data analysis (ESDA), this paper studied the spatiotemporal differences of population spatial equilibrium in Changsha-Zhuzhou-Xiangtan urban agglomeration, and constructed a nonlinear dynamic panel econometric model and quantile regression model to empirically test the carbon emission reduction effect and its heterogeneity of the population spatial equilibrium. The research conclusions are as follows: First, the population spatial equilibrium index of Changsha-Zhuzhou-Xiangtan urban agglomeration shows an upward trend in time, but the overall level is not high and the internal gap is obvious. In space, it presents a situation of concentration in the central urban area of Changsha. Second, the carbon emissions of Changsha-Zhuzhou-Xiangtan urban agglomeration have obvious dynamic inertia and path-dependent characteristics. That is, the carbon emissions of the previous period will significantly promote the carbon emissions of the current period. Third, the carbon emission reduction effect of population spatial equilibrium has the characteristics of an inverted “U” shape, and the population spatial equilibrium index in most areas is too low to achieve carbon emission reduction. Fourth, the legal environment helps to promote the spatial balance of population, thereby reducing the regional total carbon emissions, per capita carbon emissions and carbon emissions per unit area. Last, Changsha-Zhuzhou-Xiangtan urban agglomeration needs to improve the level of economic development and government expenditure to realize the carbon emission reduction effect. In general, Changsha-Zhuzhou-Xiangtan urban agglomeration should take into account the development of economy and environment in the process of improving the level of population space balance, so as to achieve a win-win situation for economy and environment.
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1 INTRODUCTION
Population is a key determinant of the sustainable development of urban agglomerations. The spatial distribution of population elements is the core issue of the spatial structure of urban agglomerations. It is a comprehensive reflection of development factors such as population, economy, resources, and environment, and can characterize the geographic and spatial distribution of population in urban agglomerations (Zhang et al., 2015). As an important part of the structural evolution of urban agglomerations, the spatial distribution of population is affected by physical and geographical environmental factors and socio-economic factors in a specific area on the one hand, and it is also counteracted by the economic and social development and evolution of urban agglomerations (Wang, 2022). In developing countries, with the rapid development of urbanization, the spatial distribution of population is unbalanced, the peri-urbanization of large cities and the risk of ebb tide intensify, indicating that the nature of the population problem has changed from the “oppressive type of quantitative growth” in the past to the “imbalance of structure and distribution constraints” type”, and has long plagued the sustainable economic and social development of urban agglomerations and government policy formulation (Fang et al., 2019; Goel and Vishnoi, 2022). Seeking a spatially balanced pattern of population distribution and the coordinated development of economy, society, resources and environment has become a concrete manifestation of the sustainable development of urban agglomerations in the spatial distribution of population (Lee et al., 2021; Wang et al., 2022; Wu et al., 2022; Yang et al., 2022). It is of great practical significance to promote the healthy development of urban agglomerations, build a spatial pattern of urbanization with coordinated development of large, medium and small cities, and realize the effective use of urban agglomeration space and the overall improvement of economic efficiency under the existing resource and environmental carrying capacity.
Existing research lacks direct discussion on urban population spatial balance and carbon emissions (Li et al., 2022), and mostly focuses on the impact of urban population structure and spatial structure on carbon emissions (Liu et al., 2020; Xia et al., 2020; Yu et al., 2022). Among them, in terms of population structure research, the existing literature mainly decomposes the population structure into population age structure, population employment structure, and population consumption structure, and specifically examines the impact of different types of population structures on carbon emissions. For example, Wang and Wang (2020) examined the nonlinear effects of population age structure and urbanization level on carbon emissions based on panel data of 137 countries and a threshold effect model. Fan et al. (2021) established a new analytical framework and explored the impact of population aging on the carbon emissions of Chinese urban and rural households using panel data from 30 provinces in China from 1997 to 2017. In addition, regarding the impact of population consumption structure on carbon emissions, researchers mainly used the input-output model to conduct empirical tests (Kim, 2002), and found that the increase in the proportion of fossil fuel consumption in household consumption expenditure will have a significant positive effect on carbon emissions effect (Park and Hao, 2007; Soytas et al., 2007; Soytas and Sari, 2009). Regarding the impact of urban spatial structure on carbon emissions, existing studies have mainly discussed the impact of urban population agglomeration and changes in urban spatial structure on carbon emissions. For example, Glaeser and Kahn (2010), based on data from 66 large cities in the United States, found that the more densely populated urban areas, the lower the per capita carbon emissions. And suburban cities with lower population density have higher carbon emissions per capita. Wang et al. (2021) constructed an urban agglomeration spatial structure index and used the GTWR model to empirically test the impact of the spatial structure of six major urban agglomerations in China on carbon emissions. The effect of emission reduction, on the contrary, promotes carbon emissions.
The spatial balance of population in urban agglomerations is a complex system involving population, economic and social issues, and itself is a long-term, dynamic adjustment and optimization process (Wei and Liu, 2022). The realization of the balanced distribution of population-industry-housing in urban agglomerations is consistent with the requirements of “accelerating the formation of industrial structures, production methods, lifestyles and spatial patterns that save resources and protect the environment” under the “dual carbon” goal. Therefore, the existing research only starts from a certain dimension of this complex system to explore the static impact of population structure or population spatial distribution structure changes on carbon emissions, and its logical setting has certain defects. Therefore, this paper takes Changsha-Zhuzhou-Xiangtan urban agglomeration in China as an example, aims to expand the research framework of population spatial equilibrium, and further explore the spatial and temporal differentiation characteristics of population distribution equilibrium and its carbon emission reduction effect in Changsha-Zhuzhou-Xiangtan urban agglomeration. Specifically, based on the coupling coordination model, a population spatial equilibrium index is constructed that comprehensively covers population, industry, residence, etc., and a nonlinear dynamic econometric model is constructed to empirically test the effect of urban agglomeration spatial equilibrium on carbon emissions and its mechanism. This paper not only expands the theoretical framework of existing research, but also reveals the objective law that the spatial balance of population in urban agglomerations affects carbon emissions, providing an important basis for exploring the optimization policy of population spatial distribution for carbon emission reduction in urban agglomerations. The logical framework of this study is shown in Figure 1
[image: Figure 1]FIGURE 1 | The logical framework for this study.
2 MATERIAL AND METHODS
2.1 Case
The Changsha-Zhuzhou-Xiangtan urban agglomeration is located in the central and eastern part of Hunan Province, China. It is an important part of the urban agglomeration in the middle reaches of the Yangtze River, including the three cities of Changsha, Zhuzhou and Xiangtan. It is the core growth pole of the economic development of Hunan Province. Changsha-Zhuzhou-Xiangtan urban agglomeration was approved in 2007 as a national comprehensive reform pilot zone for building a resource-saving and environment-friendly society. Since then, Changsha-Zhuzhou -Xiangtan urban agglomeration has officially launched the same transportation network, energy integration, information sharing, ecological construction, and environmental governance. It has become the first case in China to consciously conduct regional economic integration experiments. As a national pilot area for comprehensive reform of the “two-oriented society”, Changsha-Zhuzhou-Xiangtan urban agglomeration is a pioneer in the construction of urban agglomerations in the six provinces of central region. It is the first experimental case in the country to consciously conduct regional economic integration (Xiong et al., 2021). Integrated construction provides an exemplary role. Figure 2 shows the scope of the study area.
[image: Figure 2]FIGURE 2 | The location and scope of Changsha-Zhuzhou-Xiangtan urban agglomeration.
In recent years, the rapid economic and social development of Changsha-Zhuzhou-Xiangtan urban agglomeration has also spawned an imbalance in the spatial distribution of the population: first, population agglomeration lags behind economic agglomeration, resulting in an imbalance between population and economic space, and the emergence of spatial job-housing separation (Hu and Hu, 2019). The distance between the workplace and the housing determines the time and cost of commuting. Long-term commuting reduces the productivity of employees. Long-distance commuting requires transportation, which brings a lot of carbon emissions. Second, the development of the core urban areas of Changsha-Zhuzhou-Xiangtan urban agglomeration faces a strong “ceiling” of limited land space and the demand pressure of continuous population inflow (Wu et al., 2020; Ouyang et al., 2022). The third is that the central urban area faces the “ceiling” of the largest carrying capacity of the population, and most of the population is concentrated in the central urban area, which makes the “urban disease” aggravated due to the excessively high population density in the central urban area, and the public service software and hardware facilities are facing huge pressure and challenges (Li et al., 2021). Therefore, Changsha-Zhuzhou-Xiangtan urban agglomeration urgently needs to achieve the goal of restricted land use, rational and efficient allocation of resources and carbon emission reduction through the optimization and adjustment of the population spatial structure within the city within the carrying range of resources and environment.
2.2 Identification of population spatial equilibrium
Population spatial equilibrium refers to the balanced development of population and economic, social, environmental and other systems. Coupling coordination degree can measure the situation of connection and action between systems (Liang et al., 2022). In order to grasp the temporal and spatial evolution law of population spatial distribution equilibrium, this paper constructs a coupling coordination degree model to measure the coupling coordination degree index of Population-Industry-Household to measure the level of population spatial distribution equilibrium. The identification method of Population Spatial Equilibrium Index is:
[image: image]
Where, C represents the coupling degree of the population-industry-housing system, and F represents the comprehensive development level of the population-industry-housing system. The calculation method is shown in Eqs 2, 3:
[image: image]
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Where, [image: image], [image: image] respectively represent the comprehensive development level of population subsystem, industrial subsystem and housing subsystem; and are undetermined coefficients. In the development process of population spatial distribution, the three systems complement each other. Therefore, this paper considers that the weights of subsystems are the same, [image: image].
In order to measure the comprehensive development level of the subsystem, this paper constructs the comprehensive evaluation index system of Population-Industry-Household nexus according to the scientific connotation of Population-Industry-Household nexus and referring to relevant literature. The comprehensive evaluation index system includes 3 subsystems and 9 specific indicators (Table 1).
TABLE 1 | Population-industry-housing coupling coordination degree evaluation index system.
[image: Table 1]In terms of population development, this paper selects three indicators: the number of permanent residents at the end of the year, the urbanization rate and the population density to measure the development of the population subsystem. As the main body of economic activities, people are closely related to industry and housing subsystems. The number of permanent residents and population density at the end of the year reflect the population size and spatial distribution characteristics of districts and counties, and the urbanization rate reflects the level of urbanization. In terms of industrial development, this paper selects four indicators of regional per capita GDP, total industrial output value, secondary industry output value and tertiary industry output value to measure the development of industrial subsystems. GDP per capita is the most direct indicator to reflect the development level of urban industries. Gross industrial output value can reflect the scale of urban industrial entities, and the output value of secondary and tertiary industries reflects the economic quality of urban industries. In the aspect of housing development, this paper selects the real estate development fixed investment and the completed residential area as the evaluation indicators of the housing subsystem, which reflect the urban real estate development scale and urban real estate development quality respectively.
The nine indicators included in the above three subsystems together constitute the Population-Industry-Household nexus evaluation index system. The calculation method of the development level of each subsystem is as follows:
[image: image]
In the formula, the weight Wit is obtained by the entropy weight method. First, the sample data needs to be standardized, and then the index entropy [image: image] and index weight [image: image] are calculated based on formulas 5, 6. Among them, m represents the number of evaluation objects.
[image: image]
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2.3 Model specification
Existing studies have shown that there is a certain theoretical relationship between urban agglomeration spatial balance and carbon emissions, and the relationship between the two is not linear (Wang and Wang, 2020). Furthermore, the spatial equilibrium of population in urban agglomerations is also a long-term and dynamic adjustment process, and traditional static panel data models cannot capture this dynamic inertial feature (Chen et al., 2022). Therefore, in order to systematically explore the nonlinear and dynamic effects of urban agglomeration spatial equilibrium on carbon emissions, this paper constructs a benchmark regression model that includes the quadratic term of the population spatial equilibrium index and the lag term of carbon emissions (Eq. 7). In addition, according to the theory of sustainable development, whether the optimization of the spatial distribution of population in urban agglomerations can achieve high-quality economic development while promoting carbon emission reduction is the key to seeking dual “Pareto improvement” of the environment and economy under the strategic goal of high-quality economic development point. To this end, in addition to empirically examining the carbon emission effect of urban agglomeration population spatial equilibrium, this paper also constructs a nonlinear dynamic panel econometric model to further test the productivity effect of urban agglomeration population spatial equilibrium (Eq. 8).
[image: image]
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Where, [image: image] represents the districts or counties, [image: image] is time. [image: image] represents the carbon emission of Changsha-Zhuzhou-Xiangtan urban agglomeration. [image: image] is the natural logarithm of the productivity. In order to verify the robustness of the estimated results, this paper will also conduct robustness analysis of carbon emissions per unit of GDP ([image: image]), carbon emissions per capita ([image: image]), and carbon emissions per unit area ([image: image]) to replace carbon emissions. [image: image] indicates the urban agglomeration population spatial equilibrium index, [image: image] is the quadratic term of the population spatial equilibrium index of the urban agglomeration. It is used to control other factors affecting the carbon emissions and labor productivity variables of urban agglomerations, including variables such as the level of economic development ([image: image]), the quadratic term of the level of economic development ([image: image])1, the industrial structure ([image: image]), and the level of government spending ([image: image]). The coefficient [image: image] represents the dynamic inertia of carbon emissions or productivity in urban agglomerations2; the coefficient [image: image] is used to measure the nonlinear impact of urban agglomeration population spatial equilibrium index on carbon emissions; [image: image] represents the estimated coefficient of each control variable. [image: image] is a random disturbance term.
Statistics show that the districts and counties of the Changsha-Zhuzhou-Xiangtan urban agglomeration show heterogeneity in terms of population size, population density and economic development level. This means that there may be differences in the impact of population spatial balance on carbon emissions in the central and non-central areas of the Changsha-Zhuzhou-Xiangtan urban agglomeration. To verify this inference, this paper constructs a quantile regression model to test the differential responses of carbon emission levels at different quantiles of the Changsha-Zhuzhou-Xiangtan urban agglomeration to the population spatial equilibrium index. At the same time, the research samples were also grouped according to the urban population size and population density, thereby revealing the heterogeneity of population spatial equilibrium on carbon emissions. The quantile regression model is set as follows:
[image: image]
2.4 Variables and data
The dependent variables of this study are the carbon emissions and labor productivity of the Changsha-Zhuzhou-Xiangtan urban agglomeration. Among them, the measurement of labor productivity refers to the practice of Liu and Deng (2018), which is measured by the ratio of the GDP of each district and county in Changsha-Zhuzhou-Xiangtan urban agglomeration to the number of employees at the end of the year. The independent variable of this study is the population spatial equilibrium index of Changsha-Zhuzhou-Xiangtan urban agglomeration. For the specific calculation method, please refer to Section 2.2. The control variables in this paper are economic development level, the quadratic term of the level of economic development, industrial structure, and government expenditure. Among them, GDP is used to measure the level of economic development; the ratio of output value of secondary and tertiary industries is used to measure the industrial structure; government expenditure is used to measure government expenditure.
Based on the panel data of 23 districts and counties in Changsha-Zhuzhou-Xiangtan urban agglomeration from 2005 to 2019, this paper conducts an empirical analysis. The dependent variable carbon emissions data in this paper come from CEADs (China Emission Accounts and Datasets). The CEADs study uses a particle swarm optimization-backpropagation (PSO-BP) algorithm to unify the scale of DMSP/OLS and NPP/VIIRS satellite imagery to estimate CO2 emissions from 2,735 counties in China from 1997 to 2017. Based on the above method, this research team extended the carbon emission data of 23 districts and counties in the Changsha-Zhuzhou-Xiangtan urban agglomeration to 2019. In addition, the dependent variable labor productivity, independent variable population spatial equilibrium index, and the original data of each control variable are from the EPS (Economy Prediction System) global statistical data analysis platform, and Hunan Statistical Yearbook. The missing data is supplemented by the Statistical Bulletin of National Economic and Social Development published by the local government or by using the linear fitting method (interpolation method).
3 RESULTS
3.1 Spatiotemporal differences of population spatial equilibrium
3.1.1 Time evolution trend of population spatial equilibrium
As shown in the Figure 3, it is a trend chart of the population spatial equilibrium over time from 2005 to 2019 in Changsha, Zhuzhou and Xiangtan. The development of the population spatial equilibrium index in Changsha is on the rise and higher than that in Zhuzhou and Xiangtan, with a slight decline in 2014 and 2015. The difference is that the population spatial equilibrium grows slowly. The population spatial equilibrium index in 2005 was 0.329, and grew to 0.608 in 2019 with the growth rate was 84.8%. The population spatial equilibrium in Xiangtan has grown rapidly. In 2019, the population spatial equilibrium was 0.398, a year-on-year increase of 117.96% compared with 2005, and surpassed that of Zhuzhou in 2009. From 2013 to 2016, the population spatial equilibrium index in Xiangtan continued to decline. The population spatial equilibrium index in Zhuzhou in 2019 was 0.369, a year-on-year increase of 76.21% compared with 2005, and the growth rate was small.
[image: Figure 3]FIGURE 3 | Time evolution trend of population spatial equilibrium.
3.1.2 Spatial evolution trend of population spatial equilibrium
Figure 4 shows the spatial evolution characteristics of the population spatial equilibrium index in Changsha-Zhuzhou-Xiangtan urban agglomeration in 2005, 2010, 2015, and 2019. From 2005 to 2019, the population-industry-housing development situation in most districts and counties are improved, especially Yuelu District, Kaifu District, Yuhua District and Changsha County, and Lukou District, Chaling, Yanling and Youxian County has the least improvement. As for 2019, among the 23 districts and counties in the Changsha-Zhuzhou -Xiangtan urban agglomeration, seven districts and counties is mild to moderate unbalance, 11 districts and counties is barely equilibrium, and five districts and counties is mild to moderate equilibrium.
[image: Figure 4]FIGURE 4 | Spatial evolution trend of population spatial equilibrium.
In 2005, the data of Shaoshan was missing, only Furong District was barely in equilibrium with population-industry-housing coupling, Lukou District, Chaling City, Liling City and You County showed serious unbalance, and the population spatial equilibrium index in other areas was mild to moderate equilibrium. In 2010, Yuelu District, Tianxin District, Furong District, Yuhua District, Kaifu District and Changsha County barely equilibrium the population-industry-housing development situation, while the population-industry-housing development situation in Shaoshan and Yanling showed serious unbalance. The remaining areas are mild to moderate unbalance. In 2015, the population-industry-housing development situation of the Changsha-Zhuzhou-Xiangtan urban agglomeration has been greatly improved. Yuhua District has become the first primary and intermediate equilibrium area. The number of barely equilibrium areas is 10, the number of mild to moderate imbalanced areas is 12, and there are no severely deranged areas. In 2019, the population-industry-housing development situation of the Changsha-Zhuzhou-Xiangtan urban agglomeration was further improved. Yuelu District, Furong District, Kaifu District, Yuhua District and Changsha County performed at the primary and intermediate levels of equilibrium. The number of unbalanced areas is 7.
3.2 The net effect of population spatial equilibrium on carbon emission
Based on the econometric model (7), we estimated the effect of the population spatial equilibrium index of Changsha-Zhuzhou-Xiangtan urban agglomeration on carbon emissions, carbon emissions per unit of GDP, carbon emissions per capita, and carbon emissions per unit area (Table 2). In regression Eq. 1, the estimated coefficient of the lag 2 carbon emission variable is 0.84, which is significant at the 1% level. It shows that there is an obvious dynamic inertia effect in the carbon emissions of the Changsha-Zhuzhou-Xiangtan urban agglomeration. That is, the previous carbon emissions will have a positive effect on the current one. Judging from the estimated coefficients of the population spatial equilibrium index variable, the estimated coefficients of its primary and secondary terms are 6.52 and -5.28, which are significant at the 5% and 10% levels. It means that the carbon emission effect of the population spatial equilibrium of the Changsha-Zhuzhou-Xiangtan urban agglomeration shows an obvious inverted “U" shape. Among them, the inflection point value of the inverted “U" shape is 0.62, and the only regional samples located on the right side of it are Yuhua District, Yuelu District, Furong District, Kaifu District, and Changsha County in Changsha. It shows that the balanced development of population space in the regions mentioned above has entered the stage of carbon emission reduction effect, while other regions, except the core area of Changsha, have not yet entered the stage of carbon emission reduction, due to the low level of population space equilibrium.
TABLE 2 | Baseline regression estimation results.
[image: Table 2]Judging from the estimated coefficients of the variables of the economic development level, the estimated coefficients of the primary and quadratic terms are 0.12 and -0.004, respectively, and both are significant at the 10% level. It shows that there is an inverted “U"-shaped relationship between the carbon emissions of the Changsha-Zhuzhou-Xiangtan urban agglomeration and the economic development level. However, since the inflection point value is much larger than the maximum value of the economic development level, it can be shown that the inflection point of the Environmental Kuznets Curve of the Changsha-Zhuzhou-Xiangtan urban agglomeration has not yet come. Therefore, it is possible to promote the Changsha-Zhuzhou-Xiangtan urban agglomeration to cross the inflection point (carbon peak) of the environmental Kuznets curve by continuously advancing the economic development level of each region. The estimated coefficient of the industrial structure variable is 0.15 but not significant, which means that the change in the proportion of the secondary and tertiary industries has no significant net impact on the carbon emissions of the Changsha-Zhuzhou-Xiangtan urban agglomeration. The estimated coefficient of the government spending variable is -0.22 and is significant at the 5% level, indicating that strengthening government spending can help reduce carbon emissions in the Changsha-Zhuzhou-Xiangtan urban agglomeration. From the results of the significance test of the model, the R2 value of the estimated equation is 0.98, indicating that the econometric model can effectively explain about 98% of the information between the dependent variable and the independent variable. The F-statistic value is 283.51 and is significant at the 1% level, which proves that the econometric model is well set.
In regression Eqs 2–4, this paper replaces the total carbon emissions in regression Eq. 1 with carbon emissions per unit of GDP, carbon emissions per capital, and carbon emissions per unit of area. Further, the effect of the population spatial equilibrium index of the Changsha-Zhuzhou-Xiangtan urban agglomeration on the carbon emissions per unit of GDP, per capita carbon emissions, and carbon emissions per unit area is estimated. The results show that in the above three regression equations, the estimated coefficients of carbon emissions per unit of GDP, per capita carbon emissions, and carbon emissions per unit area of the two lag periods are 0.36, 0.66, and 0.70, respectively, and they are all significant at the 1% level. .It proves that the carbon emissions per unit GDP, per capital carbon emissions, and carbon emissions per unit area of Changsha-Zhuzhou-Xiangtan urban agglomeration also have dynamic inertia effects. In addition, judging from the estimated coefficients of the variables of the population spatial equilibrium index, the estimated coefficients of the primary term of the population spatial equilibrium index of the three regression equations are all significantly positive, and the estimated coefficients of the quadratic term are all significantly negative. It is proved that the effect of the population spatial equilibrium index of Changsha-Zhuzhou-Xiangtan urban agglomeration on the carbon emissions per unit of GDP, per capital carbon emissions, and carbon emissions per unit area is characterized by an inverted “U" trend. Among them, the inflection point values of the population spatial equilibrium index variables of regression Eqs 2, 4 are 1.79 and 1.06, respectively, which are both greater than the maximum value of the population spatial equilibrium index. It shows that the net effect of the Changsha-Zhuzhou-Xiangtan urban agglomeration spatial equilibrium index on carbon emissions per unit of GDP and carbon emissions per unit area is still on the left side of the inverted “U" shape. That is, the carbon emission reduction effect per unit of GDP and the carbon emission reduction effect per unit area have not yet arrived, and there is a long way to go to balance the population space. In the regression Eq. 3, the inflection point value of the population spatial equilibrium index variable is 0.566. It shows that the samples from other regions except Yuhua District, Yuelu District, Furong District, Kaifu District, Tianxin District, and Changsha County are all located on the left side of the inflection point value. That is to say, for most areas except the core area of Changsha City, the carbon reduction effect stage of per capita GDP has not yet arrived. To sum up, the population spatial equilibrium level of the Chang-Zhu-Tan urban agglomeration is still low, and most areas have not yet reached the stage of carbon emission reduction per unit GDP, per capita GDP carbon emission reduction effect, and carbon emission reduction effect per unit area. Because the other control variables have the same estimation results as regression Eq. 1, they will not be repeated here.
Now that when the population spatial equilibrium index of the Changsha-Zhuzhou-Xiangtan urban agglomeration reaches a certain level, there is a significant carbon emission reduction effect. So, can the spatial equilibrium of population seek the dual goals of environmental effect and economic effect? In response to this question, this paper also estimates the effect of the population spatial equilibrium index on labor productivity based on the econometric model (8) regression. From the estimation results of regression Eq. 5, the estimated coefficient of the labor productivity variable with lag 2 is 0.53 and is significant at the 1% level. It shows that the labor productivity of the Changsha-Zhuzhou-Xiangtan urban agglomeration also exhibits a dynamic inertia effect, that is, the higher the labor productivity level in the previous period, the higher the labor productivity level in the current period. From the estimation results of the population spatial equilibrium index variable, the estimated coefficients of the primary and secondary terms are 6.85 and −9.43, respectively, and both are significant at 10%.It means that there is also an inverted “U”-shaped relationship between the population spatial equilibrium index and labor productivity of the Changsha-Zhuzhou-Xiangtanurban urban agglomeration. Moreover, for the vast majority of regional samples, improving the population spatial equilibrium index will help to promote the level of labor productivity.
3.3 The heterogeneity effect of population spatial equilibrium on carbon emission
Statistics show that the existence of regional heterogeneity makes the carbon emissions respond differently to the population spatial equilibrium index in different regions of the Changsha-Zhuzhou -Xiangtan urban agglomeration. In order to verify this inference, we use Quantile Regression Model (QRM) to further investigate the differentiated effect of population spatial equilibrium on carbon emission at different quantiles. Table 3 reports the response of carbon emissions per capital ([image: image]) to population spatial equilibrium in Changsha-Zhuzhou -Xiangtan urban agglomeration at the 10th, 25th, 50th, 75th, 90th quantile3.
TABLE 3 | Quantile regression estimation results.
[image: Table 3]The estimation results in Table 3 show that the estimated coefficients of per capita carbon emissions variables are significantly positive in the five groups of estimation equations, and the impact coefficients show a trend of increasing with the increase of quantiles. This shows that regions with higher per capita carbon emissions have greater dynamic inertia effects. That is to say, for regions with high per capita carbon emissions, the current per capita carbon emissions are more affected by the per capitl carbon emissions in the previous period. Judging from the estimated coefficients of the population spatial equilibrium index variable, the estimated coefficients of the primary terms in the five groups of estimation equations are all significantly positive, and the estimated coefficients of the quadratic terms are all significantly negative. It means that the inverted “U”-shaped relationship between the population spatial equilibrium index and per capital carbon emissions still exists significantly. Moreover, the inflection point values of the population spatial equilibrium index variables are 0.61, 0.60, 0.55, 0.57, and 0.53, respectively, showing a trend of gradually decreasing as the quantile increases. This shows that at high quantiles, there are more samples in areas with emission reduction effects.
3.4 The moderating effect of legal environment
The research of Adger et al. (2021) shows that the spatial distribution of population is significantly related to its perception of local environmental risks and insecurity. This means that the local legal environment will have a certain impact on the spatial distribution and its evolution of population, and then act on carbon emission reduction. To verify this inference, we refer to Wu et al. (2020) and introduce the interaction term between legal environment variable and population spatial equilibrium index into the benchmark estimation equation, and then explore whether the carbon emission reduction effect of population spatial equilibrium will be regulated by legal environment. In order to identify the above effects, we constructed a moderating effect recognition mechanism model in formula 10.
[image: image]
Where, the variable [image: image] represents the legal environment. We take the reciprocal of the per capita public security expenditure in each region as the proxy indicator. In other words, the higher the inverse value of the per capita public security expenditure in a region, the better the legal environment in that region.
According to the estimation results of the moderating effect model reported in Table 4, after introducing the interaction term between the population spatial equilibrium index and the legal environment variables, the estimation results of the lag term of the dependent variables and the explanatory variables in each estimation equation are basically consistent with the benchmark regression estimation results. However, from the estimation results of interactive terms, the legal environment has a significant moderating effect on only one term of the population spatial equilibrium index, and is limited to the estimation equation of carbon emissions, per capita carbon emissions, and carbon emissions per unit area. The legal environment has no significant regulatory effect on the quadratic term of population spatial equilibrium index. It shows that the legal environment can indeed have a moderating effect between population spatial equilibrium and carbon emissions, that is, by acting on population spatial equilibrium to reduce carbon emissions, per capita carbon emissions, carbon emissions per unit area.
TABLE 4 | Moderating effect estimation results.
[image: Table 4]4 CONCLUSION AND POLICY IMPLICATIONS
Low-carbon green development is the only way for high-quality economic and social development of future urban agglomerations. And the key to realizing the low-carbon and green development of urban agglomerations is to seek a scientific and reasonable spatially balanced population structure. Based on the coupled coordination degree model, this paper constructs a population spatial equilibrium index including population, industry and housing, and uses exploratory spatial data analysis (ESDA) to analyze the temporal trend characteristics and spatial differentiation characteristics of population spatial equilibrium in the Changsha-Zhuzhou -Xiangtan urban agglomeration. Finally, a nonlinear dynamic panel econometric model and a quantile regression model were constructed to empirically investigate the net effect of the Changsha-Zhuzhou-Xiangtan urban agglomeration population spatial equilibrium index on carbon emissions, carbon emissions per unit of GDP, carbon emissions per capita, and carbon emissions per unit area and its heterogeneity. The following were research findings: (1)Although the population spatial equilibrium index of the Changsha-Zhuzhou-Xiangtan urban agglomeration is on the rise, the overall level is not high and the internal gap is obvious. Zhuzhou and Xiangtan are significantly behind Changsha. From the perspective of the spatial evolution pattern, the population spatial equilibrium index shows a trend of concentration in the central urban area of Changsha. (2)The total carbon emissions, carbon emissions per unit GDP, per capita carbon emissions, and carbon emissions per unit area of the Changsha-Zhuzhou-Xiangtan urban agglomeration all have obvious dynamic inertia effects and pathway dependence characteristics. That is, the carbon emissions of the previous period will significantly promote the carbon emissions of the current period. (3)The net effects of population spatial equilibrium on total emissions, carbon emissions per unit of GDP, carbon emissions per capita, and carbon emissions per unit area all show an inverted “U"-shaped characteristic of rising first and then falling, and the samples located on the right side of the inflection point are fewer. This shows that for most areas of the Changsha-Zhuzhou-Xiangtan urban agglomeration, the spatial equilibrium level of population is too low to achieve carbon emission reduction. Therefore, it is more urgent to improve the spatial equilibrium level of the population and make it pass the critical point. (4) The net effect of regional economic development level on carbon emissions is still on the left side of the environmental Kuznets curve. It shows that the Changsha-Zhuzhou-Xiangtan urban agglomeration urgently needs to improve the level of economic development and realize the carbon emission reduction effect. In addition, increasing government spending will help improve the carbon reduction efficiency of various regions. (5) For most regions, improving the spatial balance of population will not only help to promote carbon emission reduction effects, but also improve local labor productivity and facilitate high-quality economic development. (6) The legal environment helps to promote the spatial balance of population, thereby reducing the regional total carbon emissions, per capita carbon emissions and carbon emissions per unit area.
The low-carbon development of China’s population urbanization is inseparable from a better balanced population space structure. In order to optimize the population space structure of urban agglomerations, help reduce carbon emissions, and achieve high-quality economic and social development, our findings have some policy implications: Firstly, improve the spatial balance of population, industry and housing. According to the changes in the spatial structure of the population, we will further improve the urban transportation infrastructure, build a reasonable transportation structure, and improve the “separation of work and housing” within the city, so as to reduce the carbon emissions of residents’ commuting and travel, and improve labor productivity. However, it is necessary to avoid excessive coordination in pursuit of population space balance, so as not to lead to waste of public resources. Secondly, continue to promote the level of economic development in various regions. Optimize the industrial structure, formulate corresponding economic development policies according to the industrial structure characteristics of Changsha, Zhuzhou and Xiangtan, and improve the level of division of labor within the urban agglomeration; cultivate emerging pillar industries such as new generation information technology, green and low-carbon manufacturing, achieve high-quality development, and promote The Changsha-Zhuzhou-Xiangtan urban agglomeration has crossed the inflection point of the environmental Kuznets curve, that is, the carbon peak point, thus entering the stage of urban carbon emission reduction and achieving a win-win situation for the economy and the environment. Finally, strengthen government financial support. On the one hand, improve the effectiveness and accuracy of government spending. Use government spending to support the transformation of industrial enterprises, develop innovative green technologies, establish a sound carbon emissions trading market and other fields, and vigorously develop advanced manufacturing, modern agriculture and high-end service industries. On the other hand, the balance of population spatial structure is a long-term and dynamic process of adjustment and optimization. The government should make long-term budget planning, give financial subsidies to areas with low population spatial balance index, and strengthen overall coordination.
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FOOTNOTES
1The reason for controlling the quadratic term of the variable of economic development level is to verify the existence of the Environmental Kuznets Inverted “U” Curve of the Changsha-Zhuzhou-Xiangtan urban agglomeration.
2Referring to the general practice of the existing literature, the article takes the lag value of 2 periods for the dependent variable. Generally speaking, it is difficult to capture the dynamic effect when the value lags behind for 1 period, and too much lag will reduce the number of samples and degrees of freedom.
3Here we only discuss the quantile regression results of the population spatial equilibrium index of the Changsha-Zhuzhou-Xiangtan urban agglomeration on per capita carbon emissions. There are two main reasons for this.First, it has been confirmed in the previous article that the effects of population spatial equilibrium on carbon emissions, carbon emissions per unit of GDP, per capita carbon emissions, and carbon emissions per unit area are similar. Second, this paper focuses more on the carbon emission reduction effect of the population dimension, so it is more practical to examine the heterogeneity of the population spatial equilibrium index on per capita carbon emissions.
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