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Abstract. We present a new framework for multi-line analysis that combines kernel principal com-
ponent analysis (kernel PCA) and kernel shapley additive explanations (kernel SHAP). Applied
to ALMA Band 3 data of NGC 1068, kernel PCA reveals features—including the AGN-driven
outflow —mnot clearly captured by PCA, while kernel SHAP quantifies each line’s contribu-
tion. These results are consistent with previous studies and confirmed by a two-sample t-test.
Moreover, kernel PCA scores correlate with LTE-derived column densities, highlighting the
robustness of this framework.
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1. Introduction

Multi-line analysis are a powerful tool to probe the physical and chemical conditions
of the interstellar medium in galaxies (e.g., Takano et al. 2014; Harada et al. 2019).
Linear feature extractions have been used for multi-line analysis (e.g., Meier & Turner
2005; Kishikawa et al. 2025). But these methods cannot fully capture the non-linear
variations arising from radiative transfer, chemistry, and excitation (Okubo et al. 2025).
To overcome this limitation, we propose a new framework that combines kernel PCA
with kernel SHAP. We explain the potential of this method by presenting the data and
methodology in Section 2, the application of our approach in Section 3, and the discussion
of the results in Section 4.

2. Data and Methods

We use archival ALMA Band 3 integrated intensity maps of NGC 1068 with a spatial
resolution of about 150 pc. In total, we use 13 molecular line data: CoH (N=1-0), HCN
(J=1-0), HCO* (J=1-0), HNC (J=1-0), HC3N (J=10-9), NoH" (J=1-0), CH3;0H
(J=2x-1g), CS (J=2-1), CBO (J=1-0), ¥CO (J=1-0), CN (N=13/2-01/2), CN
(N=11/2-01/2), and CO (J=1-0). These maps are produced using standard calibration
and imaging with the PHANGS_ALMA pipeline (Leroy et al. 2021) and then standardized.

Kernel PCA extends conventional PCA by mapping the data into a higher-dimensional
space, allowing it to capture non-linear relationships. We adopt the radial basis function
(RBF) kernel with a kernel width of 0.01, selected after testing values of 0.1, 0.01, 0.001, ...
geometrically, as it yielded results most consistent with astronomical interpretations.

Kernel SHAP approximates the SHAP method, assigning each molecular line an impor-
tance value for its contribution to a given principal component. As a model-agnostic
approach, it can be applied directly to kernel PCA results, providing quantitative inter-
pretation of each line’s role. By doing so, Kernel SHAP can overcome previous difficulties
in applying kernel PCA to multi-line analyses, making such applications feasible.

3. Results

The first three kernel principal components (KPCs) account for over 90% of the
total variance, with KPC1, KPC2, and KPC3 contributing 68%, 20%, and 5%, respec-
tively. Figure 1 shows the spatial distributions of KPC1-3, while Figure 2 presents the
corresponding kernel SHAP values for each molecular line.

The KPC1 and KPC2 maps are consistent with the PCA results reported by Okubo
et al. (2025), and their associated kernel SHAP distributions exhibit trends similar to the
PCA coefficients. Although kernel PCA can, in principle, lose some of the original data’s
information, these results demonstrate that the method preserves physically meaningful
structures. Detailed interpretations of the physical implications are provided in Okubo
et al. (2025).

For KPC3, high positive scores appear to be concentrated around the AGN, while low
positive scores are found near the spiral arms. Negative scores look like to be elongated
in the central region. The kernel SHAP analysis shows that CO isotopologues gener-
ally contribute positively, while HC3N and NoHT exhibit strong positive contributions
localized to the AGN grid. Conversely, CN and CoH have strong negative contributions,
followed by HCN and HNC with moderately negative contributions.

4. Discussion

We focus here on the newly extracted KPC3 map. The low positive scores are dis-
tributed along the spiral arms, with kernel SHAP indicating a dominant contribution
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Figure 1. Spatial distributions of the first three kernel principal components (KPC1-3). The
AGN position is indicated by Saito et al. (2022). Color bars represent the KPC scores.
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Figure 2. Kernel SHAP value distributions for each molecular line corresponding to KPC1-3.
Boxplots show the distribution of SHAP wvalues, with color representing the standardized
integrated intensity.

from CO isotopologues. This suggests that these scores trace low-density gas in the
arms. In contrast, the high positive scores are concentrated in the AGN region, with
strong contributions from HC3N, HCN, NoH™, CS, and HCO™. These molecules are
known tracers of dense gas, and their distribution implies that KPC3 reflects both the
dense environments in the galactic center and the chemically rich conditions influenced
by the AGN (e.g., Harada et al. 2010, 2013; Kauffmann et al. 2017; Nakajima et al. 2018;
Butterworth et al. 2022).

We next consider the negative scores. These regions are dominated by contributions
from CN and C,H, followed by HNC, HCN, CS and HCO™. This distribution suggests
that the negative scores may trace outflows or active star-forming regions (e.g., Aalto
et al. 2012; Garcia-Burillo et al. 2017; Saito et al. 2022). Notably, molecules such as
HC3N and NoH™, which trace dense gas, are absent in these regions. Furthermore, a
two-sample t-test at the 5% significance level indicates that the negative-score regions
align with the known outflow axis, supporting the interpretation that KPC3 negative
scores capture outflow-related structures.

To further investigate the meaning of KPC3, we performed an LTE analysis to estimate
molecular column densities within the central 1 kpc, and correlated them with negative
KPC3 scores (< —0.03) (Goldsmith & Langer 1999). Only lines with S/N > 4 and at
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Table 1. Correlation coefficients between molecular column densities and KPC3 scores
(< —0.03) in the central 1 kpc.

Molecular line 3co CoH CN cs
Correlation 0.069+0.027  -0.62840.023  -0.84440.017  -0.78240.006
HCN HNC HCOT
-0.816+£0.004  -0.842+0.003  -0.800-+0.007

least 10 valid spatial grids were used. The results, summarized in Table 1, show the corre-
lations between KPC3 and molecular column densities together with their uncertainties,
which were estimated via Monte Carlo sampling. Molecules identified by kernel SHAP as
contributing to the negative scores (CN, CoH, HCN, HNC, HCO™, CS) exhibit strong
negative correlations with the KPC3 scores, whereas '3CO, not identified as contributing
to the negative scores, shows no significant correlation. This consistency demonstrates
that the kernel SHAP results indeed extract physically meaningful information from the
molecular line data.

5. Summary

Kernel PCA extracted features not captured by conventional PCA. We demonstrate,
based on previous studies and additional analyses, that the features interpreted by ker-
nel SHAP correspond to physically meaningful structures. These results highlight the
effectiveness of our proposed framework.
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