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Abstract

Context. The circumgalactic medium (CGM) plays a key role in galaxy evolution by regulating gas accretion, feedback, and metal enrichment, with its chemical evolution and metal distribution revealed through quasar absorption line studies.

Aims. Using data from Sloan Digital Sky Survey extended Baryon Oscillation Spectroscopic Survey (SDSS/eBOSS), we constructed a dataset comprising 853 quasar-emission-line-galaxy (quasar-ELG) pairs with an impact parameter (dp) within 150 kpc. We then analyzed the variations in the ratio of the equivalent widths of the Fe II absorption line to the Mg II absorption line as a function of the impact parameter.

Methods. To achieve this aim, we employed a spectral stacking method to generate median composite spectra in the rest frame of the foreground ELGs. Subsequently, we measured the equivalent widths of the Fe IIλ2600 ([image: equation]) and Mg IIλ2796 ([image: equation]) absorption lines in these composite spectra.

Results. Our results indicate that the equivalent width ratio of R ([image: equation]) varies as [image: equation] log(dp [kpc]). Finally, we explored the potential causes and implications of this radial dependence.
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1. Introduction
The circumgalactic medium (CGM) plays a fundamental role in the evolution of galaxies by regulating key processes such as gas accretion, feedback mechanism, and metal redistribution (e.g., Schiminovich et al. 2010; Whitaker et al. 2012; Peeples et al. 2014; Faucher-Giguère & Oh 2023). The CGM is a multiphase gas reservoir that extends from galaxy disks to their virial radii, offering critical insights into the interactions between galaxies and their environments (e.g., Lanzetta et al. 1995; Churchill et al. 2005; Prochaska et al. 2013; Johnson et al. 2015; Tumlinson et al. 2017; Chen & Zahedy 2024). As an interface between galaxies and the intergalactic medium (IGM), the CGM retains signatures of both pristine gas infall from the cosmic web and metal-enriched outflows driven by stellar winds, supernovae (SNe), and active galactic nucleus (AGN) feedback processes (e.g., Begelman et al. 1991; Kim & Ostriker 2015; Nelson et al. 2019; Veilleux et al. 2020; Donahue & Voit 2022). Although direct imaging of this diffuse gas remains challenging, the background quasar absorption spectra provide a powerful tool to probe the chemical and kinematic properties of the CGM (e.g., Bergeron 1986; Bowen et al. 2006; Hennawi et al. 2006; Chen et al. 2010, 2023, 2025; Bordoloi et al. 2011; Huang et al. 2016, 2021; Lan & Mo 2018; Wu et al. 2024).
In particular, the ratio of Fe II to Mg II absorption lines offers valuable insights into nucleosynthetic histories. Magnesium and iron originate from distinct stellar processes: magnesium is produced in core-collapse supernovae (CCSN), while iron is primarily synthesized in delayed Type Ia supernovae (SNe Ia; e.g., Timmes et al. 1995; Nomoto et al. 1997; Thielemann et al. 2003; Kobayashi et al. 2006, 2020). Outflows and winds transport these heavy elements from galactic disks into galaxy halos, thereby enriching the CGM (e.g., Chevalier & Clegg 1985; Oppenheimer & Davé 2006; Dalla Vecchia & Schaye 2008; Ceverino & Klypin 2009; Shimizu et al. 2019; Tortora et al. 2022; Villar Martín et al. 2024). Observational constraints on CGM metal abundances and gas kinematics, derived from background quasar absorption spectra, offer a crucial test of wind-driven enrichment scenarios, revealing the coupling between feedback mechanisms and chemical evolution across galactic halos.
In this study, we focus on the radial distribution of circumgalactic gas around emission-line galaxies (ELGs), a key population of star-forming galaxies at redshifts z ∼ 1, which bridges the gap between local star-forming systems and high-redshift galaxies. Using a sample of 853 quasar-galaxy pairs from the Sloan Digital Sky Survey extended Baryon Oscillation Spectroscopic Survey survey (SDSS/eBOSS; York et al. 2000), we investigate the absorption features of Mg II and Fe II absorption lines in ELGs. These absorption lines are imprinted on the spectra of the background quasar and are associated with the foreground ELGs. Our objective is to gain a deeper understanding of the spatial distribution of the metal-enriched gas, specifically Mg II and Fe II, surrounding the ELGs. This investigation may provide valuable insights into the relationship between star formation activity and metal enrichment processes within galaxies.
We provide our sample selection in Section 2 and an analysis in Section 3. Our results are presented and discussed in Section 4 and our conclusions are given in Section 5. Throughout this work, we assume a flat ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.
2. Sample selection
A set of quasar spectra in the wavelength range of 3800 Å to 9200 Å taken during SDSS-I/II (2000−2008; Abazajian et al. 2009) were released by SDSS (York et al. 2000). This range was then extended to 3600 Å to 10 500 Å thanks to SDSS-III/IV (2008−2020; Ahn et al. 2012; Smee et al. 2013; Dawson et al. 2013), with λ/Δλ ∼ 2000 resolution. In addition, the extended Baryon Oscillation Spectroscopic Survey (eBOSS; Dawson et al. 2016; Blanton et al. 2017) of SDSS aims to better understand dark matter, dark energy, the properties of neutrinos, and inflation. This survey provides a large dataset of ELGs1. ELGs fill a critical redshift gap in large-scale structure surveys, enabling precision cosmology at z ∼ 1 while probing galaxy evolution. The high spectral resolution and sensitivity of the ELG sample facilitate the analysis of key emission lines, such as [O II], Hβ, [O III], and Hα (Comparat et al. 2016), providing a reliable redshift measurement, with an accuracy better than 300 km s−1 (Raichoor et al. 2016, 2017). Utilizing the 750 414 quasars from the Sixteenth Data Release (DR16Q; Lyke et al. 2020) and 269 178 ELGs in eBOSS, we constructed a sample of quasar-ELG pairs with the aim to investigate the characteristics of Fe II and Mg II absorption lines around foreground ELGs, based on the following criteria:

	
The quasar-galaxy pairs are restricted to those satisfying 2800(zELG + 1) ≥ 1300(zQSO + 1) to avoid contamination from Lyα forest absorptions. Here, zELG and zQSO denote the redshifts of the foreground ELGs and background quasars, respectively. Additionally, the difference between zQSO and zELG must exceed 6000 km s−1 to minimize contamination caused by outflows from the background quasar.



	
The spectra of background quasars must exhibit a median signal-to-noise ratio (S/N) greater than 2 within the spectral regions spanning ±6000 km s−1 around the redshifts of the foreground galaxies, while covering a rest-frame wavelength range from 2550 Å to 2850 Å.



	
Each ELG spectrum must include at least one distinctly visible emission line (such as [O II] λ3729, Hβλ4862, [O III] λ5007, or Hαλ6564) that is substantially stronger than the surrounding random noise, as confirmed by visual inspection, to ensure the accuracy of the redshift measurement (Figure A.1 shows the stacked spectra of the ELGs).



	
The quasar spectra are excluded if they display abrupt features within ±3000 km s−1 of the foreground galaxy’s redshift, as identified through visual inspection, to ensure reliable superposition outcomes. Such features encompass prominent emission peaks, sky emission lines, and unrelated broad C IV absorption lines.




Finally, we obtained a sample of 853 quasar-ELG pairs with projected proper distances (dp) less than 150 kpc. Figure 1 illustrates the redshift distribution of the quasar-ELG pairs, where the average redshift for ELGs is 0.81 with a standard error of 0.12.
	[image: thumbnail]	Fig. 1. Redshift distribution of quasar-ELG pairs (top) and the stellar mass distribution of the ELGs (bottom) in our sample. The ELG redshifts exhibit a median value of 0.82 with a standard error of 0.12, while the media stellar mass of the ELGs is 10.29 M⊙ with a standard error of 0.27 M⊙.



3. Composite spectra and absorption line measurements
To address the typically weak absorption lines exhibited by ELGs, we employed a spectral stacking approach to enhance the S/N. The method involves grouping and stacking the background quasar spectra to generate composite spectra for subsequent absorption line measurements, as detailed in Sections 3.1 and 3.2.
3.1. Composite spectra
Using the dp bin size of 35 kpc, we divided the background quasar spectra are into four sub-groups: [0, 35) kpc, [35, 70) kpc, [70, 105) kpc, and [105, 150) kpc. To avoid the influence of outliers, a median estimator was used to obtain composite spectra for each bin, yielding a higher S/N compared to individual observations. The steps for generating the composite spectra are as follows: (1) The quasar spectra are shifted to the rest frame of the foreground ELGs by zELG; (2) The raw spectral flux of background quasars is re-normalized to the position of 3000 Å; (3) To obtain the composite spectrum of each given dp bin, we adopted the median stacking approach, which has also been utilized in previous studies (e.g., Zhu & Ménard 2013a; Bordoloi et al. 2011; Lan & Mo 2018; Chen et al. 2023). Since each spectrum covers both the 2550−2650 Å and 2750−2850 Å ranges in the rest wavelength, we used the fluxes on both sides of the absorption (2550−2594 and 2606−2650 Å for Fe IIλ2600 line, excluding the Fe IIλ2850 region in 2582−2590 Å; 2750−2790 and 2809−2850 Å for Mg IIλ2796) to compute the standard deviations and estimate the flux uncertainty for each data point.
3.2. Absorption line measurements
We first fit the pseudo-continuous spectrum of the quasar background spectrum with cubic spline curves and then measured the absorption lines. Gaussian functions were not used in the fitting of pseudo-continuum because spectra with significant emission line profiles have been excluded in Section 3.1. Figure 2 shows the median composite spectrum after normalization of the pseudo-continuum. We integrated the spectral data in ±500 km s−1 around the centers of the absorption line Fe IIλ2600 or Mg IIλ2796 to obtain the equivalent widths of the absorption line. Since there is no flux uncertainty in the median composite spectrum, we used the fluxes on both sides of the absorption line to compute the standard deviations to estimate the flux uncertainty for each data point. The uncertainty of the equivalent width of the absorption line is estimated based on the error transfer formula using flux uncertainty. All the measurements are listed in Table 1. We also performed a 1000-iteration bootstrap resampling to assess the uncertainty of equivalent width. The uncertainties estimated via the bootstrap method are marginally larger than those obtained through the method previously mentioned. The bootstrap uncertainties for [image: equation] and [image: equation] across bins from a to d are 0.216, 0.068, 0.036, 0.023 and 0.277, 0.099, 0.050, 0.035, respectively.
	[image: thumbnail]	Fig. 2. Demonstration of the median composite spectra of background quasars in different dp bins as shown in each of panel. The black and green lines represent the Mg IIλ2796 and Fe IIλ2600 absorption line profiles, respectively. The black and green dashed lines represent the standard deviation of the normalized flux density for Mg IIλ2796 and Fe IIλ2600, respectively. The gray shaded regions mark the spectral region used for measuring the equivalent widths of the Mg IIλ2796 or Fe IIλ2600 absorption lines.



4. Result and discussion
Figure 3a illustrates the median rest-frame equivalent widths of Fe IIλ2600 and Mg IIλ2796 absorption lines around ELGs as a function of the impact parameter (dp). It shows a significant decrease in the equivalent widths with increasing dp. This trend aligns with previous studies on the distribution of cool gas in galaxy halos (e.g., Bordoloi et al. 2011; Werk et al. 2013; Prochaska et al. 2014; Farina et al. 2014; Landoni et al. 2016; Lan & Mo 2018; Chen et al. 2023, 2025), which suggests a transition in the dominant physical processes regulating the CGM at different impact parameters. The observed decline in the equivalent widths as dp increases may be attributed to a combination of factors, including a reduction in metal column density, ionization effects, and gas kinematics (Werk et al. 2014; Tumlinson et al. 2017). We followed previous studies (e.g., Dey et al. 2015; Joshi et al. 2018) and measured the equivalent width ratio, which is defined as [image: equation], where [image: equation] and [image: equation] represent the median rest-frame equivalent widths of Fe IIλ2600 and Mg IIλ2796 absorption lines, respectively. The uncertainty of R is calculated by the error transfer formula. The derived values of R are also depicted in Figure 3b and listed in Table 1.
Table 1. 
Measurements from composite spectra.

	[image: thumbnail]	Fig. 3. Rest-frame equivalent widths of Fe IIλ2600 and Mg IIλ2796 (panel a), as well as their equivalent width ratio (panel b), as functions of impact parameter dp for ELGs. In panel b, the red-solid line represents the best-fit relation: [image: equation] log(dp [kpc]) and the grey-shaded region shows the 1σ confidence interval of the best fit.



Figure 3b illustrates a trend in which the R decreases significantly with increasing dp. To quantify this relationship, we employed a Bayesian linear regression developed by Kelly (2007) to perform the linear fit and thus obtained [image: equation]. The slope coefficient indicates that for every tenfold increase in dp (i.e., one order of magnitude), R decreases by 0.64. In addition, we also tested a range of binning approaches with different dp bin-sizes and we observed consistent trends within the appropriate errors.
High-resolution studies have shown that Mg II absorption lines often consist of multiple kinematic components (typically 2−10), with the number of components increasing with WMgII (Churchill et al. 2003). These studies have also indicated that Mg II and Fe II lines share similar Doppler parameters and column densities, while the column density ratio N(Fe II)/N(Mg II) exhibits little dependence on velocity or kinematic structure (Churchill et al. 2003; Dey et al. 2015; Zahedy et al. 2017).
Following this vein, if the observed equivalent width ratio is assumed to primarily reflect an intrinsic Fe/Mg abundance variation in the CGM gas – even though the column density measurements might be more or less biased by the dust depletion and ionization fraction (see discussions in Jenkins 2009; Dey et al. 2015), then we ought to consider what factors could be responsible for the variation. Using a sample of absorption lines from the SDSS metal absorption line catalog (Zhu & Ménard 2013b), Dey et al. (2015) found that R decreases slightly with increasing redshift, z, following the relationship R ∝ ( − 0.045 ± 0.005)z. Applying the scaling relationship to our ELG sample would result in ΔR = 0.0054 if their redshifts vary within the standard error of 0.12. This suggests that the redshift distribution of our ELG sample plays less of a role in producing the radial dependence of R as shown in Figure 3b.
To verify whether the properties of ELGs in our sample (stellar mass and star formation rate) would play a role in the variation of R with dp, we derived their star formation rates (SFRs) by utilizing the [O II] λ3729 luminosities of ELGs and employing the conversion model established by Kennicutt (1998). Then the stellar masses of our ELGs sample are retrieved directly from the ELG catalog (Raichoor et al. 2017). Figure 4 demonstrates the probability density distributions of the stellar mass and the SFR in each dp bin. To quantify the potential difference between the stellar mass distributions or the SFR distributions, we conducted a Kolmogorov-Smirnov (KS) test on each pair of distributions between different dp bins. The resulting p values (the null hypothesis probability of being drawn from the same parent distribution) are presented in Figure 4 and are seen to be consistently high across all cases. These results indicate that there are no statistically significant differences between either the stellar mass distributions or the SFR distributions among different dp bins (all p values are greater than 0.48). Therefore, the variation of R with dp in Figure 3b is less likely to be caused by the differences in stellar mass or star formation activity across different dp bins.
	[image: thumbnail]	Fig. 4. Probability density distribution of star formation rate (top panel) and stellar mass (bottom panel) for ELG samples in each bin.



The Mg/Fe abundance ratio at different radial distances may be regulated by a range of mechanisms. These include the interaction between outflows from central and satellite galaxies, inflows, the presence of an ambient CGM, and the mixing of materials from these sources. Cosmological zoom simulations (Zahedy et al. 2017; Hafen et al. 2019) have also revealed that the CGM is a complex mixture of diffuse intergalactic medium (IGM) accretion, along with CGM and interstellar medium (ISM) stripped from infalling satellites and winds from central and satellite galaxies, with the overall metallicity of the CGM decreasing as the radial distance increases.
The CGM around ELGs is known to be produced and enriched by outflows driven by star formation activity in these galaxies. Direct evidence for such outflows is observed in the blueshifted absorption lines present in galaxy spectra (e.g., Rubin et al. 2010; Bordoloi et al. 2014; Zhu et al. 2015; Chisholm et al. 2016). In addition, ELGs with higher SFRs tend to cause more powerful outflows of galactic cold gas, typically extending over scales of approximately 50−100 kpc (e.g., Bordoloi et al. 2011).
There is a fundamental difference in the formation channels of Fe and Mg; namely, after a delay of about 1 Gyr, SNe Ia originating from the thermonuclear detonation of carbon-oxygen white dwarfs in binary systems (Nomoto et al. 1984) become the dominant source of iron-peak elements (Matteucci & Greggio 1986; Maoz et al. 2012). In contrast, Mg, an α- element, is synthesized primarily in the CCSN of short-lived massive stars on a timescale of ≤50 Myr (e.g., Woosley & Weaver 1995). In this physical picture, iron enrichment is expected to occur after that of the α elements. The observed R radial gradient (i.e., Fe/Mg reduction with impact parameters) could indicate that the interior of the CGM is rich in material that has been processed by long-term galactic chemical evolution (dominated by Ia supernovae), while the exterior of the CGM retains components formed by early CCSN-driven outflows.
By studying the gas absorption features of cool gas around three lensing galaxies at z = 0.4−0.7, Zahedy et al. (2016) found that the Fe-rich gas in the inner regions (projected distances d = 3−15 kpc) of the massive lensed galaxies with uniform supersolar (Fe/Mg) ratios originate from SNe-Ia. They later speculated that if the ISM gas of massive galaxies is locally enriched by SNe-Ia ejecta, while the halo gas at larger distance r ≫ d is pre-enriched from an earlier generation of young stars, then a radial dependence in relative [Fe/Mg] ratio should be observed. Subsequently, Zahedy et al. (2017) identified a dependence of median column density ratio, log ⟨N(Fe II)/N(Mg II)⟩med, on the galaxy’s projected distance, d, for a small sample of star-forming galaxies at z = 0.10−1.24 probed by background QSO sightlines at d = 8−163 kpc. These findings are consistent with the results in Figure 3b.
The observed trends mentioned above can be naturally explained by the evolving Fe/Mg abundance ratio, which arises from the changing relative rates of Type Ia and core-collapse supernovae (e.g., Nomoto et al. 1984; Woosley & Weaver 1995). Specifically, a Type Ia supernova is expected to produce approximately 0.7 M⊙ of Fe, while releasing no more than 0.02 M⊙ of Mg (e.g., Iwamoto et al. 1999). Different types of supernovae arise from progenitor stars with distinct stellar ages (e.g., Scannapieco & Bildsten 2005; Mannucci et al. 2006; Maoz et al. 2012), and the chemical evolution might offer clues about the proportions of both types of contributors. Consequently, the Fe/Mg abundance ratio at different impact parameters mainly reflects the in situ values. If we assume outflows with υ ≲ 1000 km s−1 originating in the star formation region about 1 kpc from the galaxy center (e.g., Harrison & Ramos Almeida 2024), it would take approximately 108 years to transport heavy elements from their original location across a distance of ∼100 kpc.
5. Summary
We have compiled a sample of 853 quasar-ELG pairs with an impact parameter of dp < 150 kpc from the SDSS DR16Q, where the median redshift for the foreground ELGs is 0.82 with a standard error of 0.12. In the spectra of the background quasars, we identified the Mg II absorption lines within a ±500 km s−1 velocity range around the foreground ELGs. This quasar-ELG pair sample has been divided into four bins based on impact parameter, with each group’s foreground galaxies having comparable median stellar mass, median SFR, and median redshift (as shown in Table 1). We generated median composite spectra in the four impact parameter bins. The equivalent widths of the Fe IIλ2600 and Mg IIλ2796 absorption lines were derived from these composite spectra. We observed that as dp increases, both [image: equation] and [image: equation] exhibit a significant decreasing trend.
Finally, we identified a significant dependence of the equivalent width ratio R ([image: equation]) on the projected distance, dp, which follows the relation [image: equation] log(dp [kpc]). These findings contribute to our understanding of the physical processes governing the CGM and the role of galaxy formation and evolution in shaping the surrounding gas. Certainly, this dependence could potentially be explained by the evolving Fe/Mg abundance ratio, driven by the changing relative rates of Type Ia and core-collapse supernovae.


1 The catalog of eBOSS_ELG_full_ALLdata_vDR16 from https://data.sdss.org/sas/dr16/eboss/lss/catalogs/DR16/
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Appendix A:  The median composite spectra of the ELGs in our sample
	[image: thumbnail]	Fig. A.1. Median composite spectra of the ELGs in our sample. Red lines from left to right indicate the sequential positions of the [O II] λ3729 line, Hβλ4862 line, and [O III] λ5007 line.
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	[image: thumbnail]	Fig. 2. Demonstration of the median composite spectra of background quasars in different dp bins as shown in each of panel. The black and green lines represent the Mg IIλ2796 and Fe IIλ2600 absorption line profiles, respectively. The black and green dashed lines represent the standard deviation of the normalized flux density for Mg IIλ2796 and Fe IIλ2600, respectively. The gray shaded regions mark the spectral region used for measuring the equivalent widths of the Mg IIλ2796 or Fe IIλ2600 absorption lines.
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	[image: thumbnail]	Fig. 3. Rest-frame equivalent widths of Fe IIλ2600 and Mg IIλ2796 (panel a), as well as their equivalent width ratio (panel b), as functions of impact parameter dp for ELGs. In panel b, the red-solid line represents the best-fit relation: [image: equation] log(dp [kpc]) and the grey-shaded region shows the 1σ confidence interval of the best fit.
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        Redshift distribution of quasar-ELG pairs (top) and the stellar mass distribution of the ELGs (bottom) in our sample. The ELG redshifts exhibit a median value of 0.82 with a standard error of 0.12, while the media stellar mass of the ELGs is 10.29 M⊙ with a standard error of 0.27 M⊙.
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        Demonstration of the median composite spectra of background quasars in different dp bins as shown in each of panel. The black and green lines represent the Mg IIλ2796 and Fe IIλ2600 absorption line profiles, respectively. The black and green dashed lines represent the standard deviation of the normalized flux density for Mg IIλ2796 and Fe IIλ2600, respectively. The gray shaded regions mark the spectral region used for measuring the equivalent widths of the Mg IIλ2796 or Fe IIλ2600 absorption lines.

      

    

  
    
      Table 1. 

      Measurements from composite spectra.

      
        


	Bin
	S​FeII
	S​MgII
	[image: equation] [Å]
	[image: equation] [Å]
	R
	⟨zELG⟩
	⟨log SFR⟩
	[image: equation]





	a
	0.72 ± 0.14
	1.35 ± 0.20
	0.959 ± 0.125
	1.539 ± 0.144
	0.62 ± 0.10
	0.818
	0.776
	10.27



	b
	0.71 ± 0.23
	1.37 ± 0.13
	0.258 ± 0.057
	0.803 ± 0.047
	0.32 ± 0.07
	0.826
	0.850
	10.27



	c
	1.74 ± 2.06
	1.08 ± 0.17
	0.037 ± 0.040
	0.307 ± 0.034
	0.12 ± 0.13
	0.816
	0.804
	10.30



	d
	1.94 ± 4.32
	1.05 ± 0.27
	0.013 ± 0.027
	0.145 ± 0.027
	0.09 ± 0.18
	0.821
	0.819
	10.28





      

      
Notes. (1) Different dp bins groups, see Figure 2. (2) [image: equation]. (3) [image: equation]. (4) Equivalent widths of the Fe IIλ2600 absorption line. (5) Equivalent widths of the Mg IIλ2796 absorption line. (6) Ratio of the equivalent widths of the Fe IIλ2600 and Mg IIλ2796 absorption lines. (7) Median redshift of ELGs. (8) Median star formation rate for ELGs. (9) Median stellar mass of ELGs.
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        Rest-frame equivalent widths of Fe IIλ2600 and Mg IIλ2796 (panel a), as well as their equivalent width ratio (panel b), as functions of impact parameter dp for ELGs. In panel b, the red-solid line represents the best-fit relation: [image: equation] log(dp [kpc]) and the grey-shaded region shows the 1σ confidence interval of the best fit.
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        Probability density distribution of star formation rate (top panel) and stellar mass (bottom panel) for ELG samples in each bin.
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        Median composite spectra of the ELGs in our sample. Red lines from left to right indicate the sequential positions of the [O II] λ3729 line, Hβλ4862 line, and [O III] λ5007 line.
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