Metallicity evolution in quasars
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Broad-band spectra of active galaxies contain a wide range of information that
help reveal the nature and activity of the central continuum source and their
immediate surroundings. Understanding the evolution of metals in the spectra
of Active Galactic Nuclei (AGN) and linking them with the various fundamental
black hole (BH) parameters, as for example, BH mass, the bolometric luminos-
ity of the source, or its accreting power, can help address their connection to the
growth of the BH across cosmic time. We investigate the role of selected metallic-
ity indicators utilizing the rich spectroscopic database of emission lines covering
a wide range in redshift in the recent spectroscopic data release of Sloan Digital
Sky Survey (SDSS). We make careful filtering of the parent sample to prepare a
pair of high-quality, redshift-dependent sub-samples and present the first results
of the analysis here. To validate our findings from the simple correlations, we exe-
cute and evaluate the performance of a linear dimensionality reduction technique
- principal component analysis (PCA), over our sub-samples. We also present
the projection maps highlighting the primary drivers of the observed correla-
tions. The projection maps also allow us to isolate peculiar sources of potential
interest.

1 Introduction

The chemical properties of galaxies have been considered as one of the key parame-
ters in understanding galaxy evolution, that is closely related to the star formation
history (Maiolino & Mannucci, 2019). Active galaxies, owing to their large luminos-
ity range, can be observed over a broad range of redshift. An important constituent
of the AGN are the broad-line region (BLR) that are primarily responsible for the
broad emission lines observed in a typical AGN spectrum. A handful of diagnostic ra-
tios in the UV and optical have been tested to study and constrain the metal content
in the BLR, e.g., (i) NvA1240/C1vA1549; (ii) Fe11(2700-2900A)/Mg 11 A2800; here-
after Fe1r(UV)/Mg11; and (iii) Fe11(4434-4684A) /HBA4861; hereafter Fe11(opt)/Hf
(Hamann & Ferland, 1992; Panda et al., 2019; Shin et al., 2021). These diagnostic
ratios probe the metal content of BLR at different redshift ranges and a possible
link between them, if established, can allow to gain further insights in the AGN-host
co-evolution across cosmic time.

2 DMetallicity indicators and correlations
In order to evaluate the efficacy of the aforementioned metallicity indicators that

span a wide range in the redshift and keeping in mind the spectral coverage of SDSS
(3600 - 10,400 A), we prepare a pair of high-quality sub-samples using the DR14
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quasar catalogues (Rakshit et al., 2020): (A) a low-redshift sample (0.617 < z <
0.89) containing 6,072 sources that encompass the Fe1(UV), Mg11, Feri(opt) and
Hp emission lines; and (B) a high-redshift sample (2.09 < z < 2.25) containing 1,950
sources that cover the Nv, C1v, Fe1rr(UV) and Mg1I emission lines.
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Fig. 1: Upper panels show the bolometric luminosity distribution as a function of redshift
for the low-z (left), high-z (right) sub-samples. We median-bin the data-sets accounting for
the relative number of sources in each sub-sample. A linear-fit with 95% confidence and
prediction intervals are also shown using blue shaded region in each sub-plot. Lower panels
show the corresponding behaviour for the ratio Fe1r(UV)/MgII as a function of redshift.

A physical connection between the Fe11(UV)/Mg11 ratio and BLR metallicity can
be understood in terms of metal enrichment from star formation. As a proxy of the
Fe/Mg abundance ratio, we can track the change of Fe11(UV)/Mg11 as a function of
time from the onset of star formation based on an enrichment delay (tens of Myr to a
few Gyrs, Matteucci & Recchi, 2001) between a-elements (e.g., Mg) and iron which
are produced mainly from Type II and Type Ia supernovae, respectively (see Shin
et al., 2021, for an overview). The correlation between several line flux ratios, tracing
the chemical properties of the BLR, and Eddington ratio can be considered as the
relation between the BLR metallicity and accretion activity of AGN. We consider
here the Fe11(UV)/Mg11 ratio but will extend the study to include other indicators
in our analysis.

From Fig. 1 (upper panels) we can clearly notice the change in the gradient of
the distribution - going from a steeper slope (~0.92, in the left panel) to a shal-
lower one (~0.84, in the right panel), in addition to the rise in the net luminosity.
These are consistent with the conclusions from previous works involving the study
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Fig. 2: Correlations between the first two principal components (PC1 and PC2) for the
low-z sub-sample (left), and high-z sub-sample (right). The contribution of the respective
principal components to the overall variance in the data-sets (cos2) is also noted.

of evolution of quasar luminosity function and its similarity with the progression of
star-formation rate density across cosmic time. We confirm a similar behaviour for
the ratio Fe1(UV)/Mg11 (slope decreases from 2.61 to 2.22, see bottom panels in
Fig. 1).

3 What does PCA reveal for our samples?

After standardizing our data-sets, we run a PCA utilizing five observables, each
for the two sub-samples, obtained directly from the spectral fitting of the SDSS
spectra. The correlation space between the first two PCs is shown in Fig. 2 for each
sub-sample. The similarity in the projection maps indicates the continuity in the
sub-samples across redshift in addition to the closeness between the line widths of
Fe1r(UV) and Mg11.

4 Highlights and future work

Through this pilot study we re-confirm the usability of the Ferr(UV)/Mg1 ratio
as a robust indicator of the quasar evolution across cosmic time. Our preliminary
PCA results have supplemented the conclusions obtained from direct correlations.
PCA has also allowed us to gather peculiar sources. The analysis of the spectra of
these sources is ongoing. We plan to experiment with other linear and non-linear
clustering algorithms to benchmark their performances. We also plan to address the
physical mechanisms at play using radiative transfer modeling accounting for the
change in the ionizing continuum across a wide range of redshift.
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