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Abstract

The quenching mechanisms of galaxies are not yet fully understood, but post-starburst galaxies provide one explanation for the rapid transition between star-forming and quiescent galaxies. At low redshift, it is generally thought that the starburst initiating the post-starburst phase is merger-driven, however, not all post-starburst galaxies show evidence of a merger, and recent studies suggested that post-starburst galaxies may be produced by multiple distinct mechanisms. This study examines whether multiple types of post-starburst galaxies actually exist, that is, whether the properties of post-starburst galaxies are multimodal. We used uniform manifold approximation and projection (UMAP) to cluster post-starburst galaxies based on spectroscopic data. The results suggest that there are three types of post-starburst galaxies that have dissimilar stacked spectral energy distributions and are separated by a combination of their Hα and [OII]λ3727 line strengths with an accuracy of 91%. A comparison of various galaxy properties (e.g., emission line strengths, mass and age distributions, and morphologies) indicates that the grouping is not just an age sequence, but may be correlated to the merger-histories of the galaxies. It suggested that the three post-starburst galaxy types have different origins, some of which may not be merger-driven, and that all typical galaxies go through the post-starburst phase at turnoff.
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1. Introduction
Post-starburst (PSB) galaxies are a class of galaxies that are selected to have a large population of A stars (traced by Hδ), but no O and B stars (traced by Hα and [OII]). This abundance of A stars is typically interpreted as indicating that PSB galaxies have experienced a recent secondary burst in star formation, whereas the absence of short-lived O and B stars suggests that they have minimal current star formation. Thus, a natural explanation, and the basis for the term post-starburst, is that PSB galaxies have rapidly quenched following an unsustainable burst of star formation (e.g., Vergani et al. 2009; Wilkinson et al. 2017; French 2021).
Because low-redshift (z < 2) PSB galaxies exhibit an overabundance of galaxy–galaxy mergers, these mergers are a likely candidate for triggering the starbursts that lead to a subsequent PSB phase. A plausible mechanism is that mergers cause dense gas to compress and thereby allow an abrupt increase in star formation, but the detailed mechanisms for producing PSB galaxies are not yet fully understood (Pawlik et al. 2019; French 2021; Li et al. 2023).
Moreover, not all PSB galaxies show evidence of a past or ongoing merger (Pawlik et al. 2015; French 2021; Cheng et al. 2024). The reason might be that the morphological evidence of the merger fades over time (Pawlik et al. 2015; French 2021), or alternatively, that multiple types of PSB galaxies are mixed together, some that are merger-driven, and some that are not. Li et al. (2023) reported that significantly more post-merger PSB galaxies quench their star formation outside-in, whereas slightly more nonpost-merger PSB galaxies quench inside-out. Unless some feedback mechanism causes inside-out-quenching galaxies to subsequently quench outside-in, this observation is consistent with the idea that PSB galaxies are produced by multiple distinct mechanisms.
Even if the PSB phase is entirely merger-driven, Pawlik et al. (2019) proposed three distinct merger-driven mechanisms that might produce dissimilar classes of PSB galaxies. These include a transition from star-forming to quiescent, in which a merger-induced starburst is rapidly quenched; a scenario in which the galaxy resumes its star formation after the PSB phase; and a scenario in which a quiescent galaxy is rejuvenated by a minor merger. Alternatively, Steinhardt (2025) proposed a secular phase in which galaxies stop forming O and B stars, but continue to form low-mass stars, including A stars. These so-called red star-forming galaxies (RSFGs) would therefore be selected as PSB, even though they are not associated with a starburst or merging. On the other hand, Wilkinson et al. (2017) suggested that variations in the PSB selection criteria (which affect other parameters such as color, morphology, and the environment) are merely caused by observing the galaxies in different stages of the PSB phase.
If this hypothesis is true and there are populations of PSB galaxies with distinct origins, these populations might have other distinct properties. For example, a rejuvenated galaxy should be as old and as massive as a quiescent galaxy, whereas the mass of a galaxy that transitions from star-forming to quiescent should be similar to that of galaxies at turnoff. Likewise, a secularly evolving RSFG should be less morphologically disturbed than a PSB galaxy whose starburst was initiated by a major merger.
In this work, observational low-redshift PSB catalogs are used in an attempt to determine whether there are indeed multiple classes of PSB galaxies. The results indicate that there are three spectroscopic classes of PSB galaxies with dissimilar properties. Then, other properties are used to determine whether the grouping arises because the galaxies have different origins.
In Sect. 2 we describe the galaxy sample and data, and in Sect. 3 we determine whether there are multiple types of PSB galaxies, that is, whether their properties are multimodal, using machine-learning to cluster PSB galaxies based on spectroscopic data. Various galaxy properties (e.g., emission line strengths, mass and age distributions, and morphologies) are examined in Sect. 4 to determine the origins of the proposed types of PSB galaxies in Sect. 5. Specifically, three hypotheses are evaluated: (1) the grouping could be an evolutionary sequence; (2) the groups could be produced by mergers that affect different types of precursor galaxies; or (3) some galaxies might instead evolve secularly through the PSB phase. The results are discussed in Sect. 6, and we find that this final scenario is most consistent with observations. These results even allow the possibility that PSB galaxies are a turnoff mechanism from the star-forming main sequence, in which case, all typical galaxies would go through a PSB phase at turnoff.
2. Galaxy sample and data
This work primarily relies on a sample of 2665 PSB galaxies from Meusinger et al. (2017). The catalog includes PSB galaxies with a median redshift z = 0.13 (16th and 84th percentiles of 0.069–0.199) that were recorded in Stripe 82 by the Sloan Digital Sky Survey Data Release 7 (SDSS DR7, Abazajian et al. 2009). The Meusinger et al. (2017) galaxies were selected to have equivalent widths EW(Hδ) > 3 Å, EW(Hα) >  − 5 Å and EW([OII]) > −5 Å, where negative values indicate emission, and positive values indicate absorption. Thus, the galaxies have strong Hδ absorption and almost no Hα or [OII] emission. The use of Hα reduces contamination from dust, but may introduce a bias against galaxies with strong narrow-line active galactic nuclei (AGN), strong shocks (which can be expected post-merging), or that are not yet fully quenched (French 2021; Li et al. 2023).
The Meusinger et al. (2017) catalog provides equivalent widths (EWs) of Hα, Hδ, [OII]λ3727 and [OII]λ3729. The spectral energy distributions (SEDs) were retrieved from the SDSS DR7 Data Archive Server, and the galaxy images we used were taken by the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS, Chambers et al. 2019). For each galaxy, photometric stellar masses and star formation rates estimated from nebular emission lines were retrieved from the MPA-JHU catalog (Kauffmann et al. 2003a; Brinchmann et al. 2004). Photometric stellar masses, ages, extinction, and metallicities as well as EWs of Hα, Hβ, [NII], and [OIII] were retrieved from the Portsmouth catalog (Maraston et al. 2013). The MPA-JHU and Portsmouth catalogs include 2647 and 2568 of the Meusinger et al. (2017) galaxies, respectively.
3. Identifying dissimilar types of PSB galaxies
Dissimilar groups of PSB galaxies can be identified by using a dimensionality reduction technique called uniform manifold approximation and projection (UMAP, McInnes et al. 2020). UMAP is an unsupervised machine-learning algorithm that embeddes high-dimensional data in a lower-dimensional space (usually 2D) while preserving most of its topological structure. Here, UMAP was provided with EWs of Hα, Hδ, [OII]λ3727 and [OII]λ3729 (the strengths of the spectral lines used to select the galaxies) and was given no information about any other galaxy property.
UMAP first approximates the topological structure of the data by constructing a graph that connects every galaxy to its k nearest neighbors and weights the connections based on how similar the galaxies are (McInnes et al. 2020). Importantly, the weighted graph allows disjoint groups to exist. UMAP then returnes a 2D embedding of the data where similar galaxies are attracted and dissimilar galaxies are repelled. Consequently, the dimensions of the UMAP embedding have no physical meaning; rather, galaxies positioned close to each other should be interpreted as similar, and vice versa (McInnes et al. 2020), but the precise locations are neither meaningful nor static when the data are provided in a different order.
Fig. 1 shows a UMAP embedding of a single run, where a completely disjoint cluster of galaxies (called Group 3) is identified. Because Group 3 (N = 328) is completely disjoint, it should be interpreted as a separate group of PSB galaxies with the strong possibility of having a distinct astrophysical origin. Further, Fig. 2 shows a clear bimodality of EW(Hα), suggesting that the remaining galaxies should be divided into Groups 1 (N = 831) and 2 (N = 1506), even though they are only partially separated in the UMAP embedding. A pairwise Kolmogorov-Smirnov (KS) test comparing the univariate distributions of the EWs did not support the null hypothesis that Groups 1 and 2 belong to the same parent population (p ≪ 0.01). Instead, Groups 1, 2, and 3 can be separated by cuts on their EW(Hα) and EW([OII]λ3727) with an accuracy of 91% (macro-averaged precision and recall are 91% and 86%, respectively; see Opitz 2024). Accuracy as a measure of the performance of the separation criteria is biased, however, because the distribution of galaxies between the groups is unbalanced.
	[image: thumbnail]	Fig. 1. UMAP embedding of the galaxies in the Meusinger et al. (2017) catalog. Each point represents one galaxy and has an opacity α = 0.4 to visualize the densities. UMAP was provided with EWs of Hα, Hδ, [OII]λ3727 and [OII]λ3729, and default UMAP parameters were used.



	[image: thumbnail]	Fig. 2. Kernel density estimates (KDEs) of EW(Hα) vs. EW([OII]λ3727) for each group. Negative values indicate emission, and the data are shown on a symmetric logarithmic scale. To ensure that the distributions are depicted accurately, the KDE for Group 2 was limited to EW(Hα) < 10 Å, including ≥98% of the galaxies in this group.



It should be noted that UMAP uses stochastic processes when it searches for the k nearest neighbors and the optimal 2D embedding. This results in differences in the 2D embedding from one run to the next (McInnes et al. 2020), with the possibility that individual objects might switch to a different group (Steinhardt et al. 2023). Although the actual locations of the galaxies differ, the structural changes between the 16 randomly selected UMAP embeddings shown in Fig. 3 are negligible, and only a few galaxies jump between groups. The separation appears insensitive to random seeds or the choice of the hyperparameter k, and instead indicates a true separation into multiple classes. The grouping shown in Fig. 1 is used throughout this work.
	[image: thumbnail]	Fig. 3. UMAP embeddings of the galaxies in the Meusinger et al. (2017) catalog sorted randomly into 16 different orders. As in Fig. 1, galaxies in Groups 1, 2, and 3 are shown in green, blue, and red, respectively.



4. Properties of PSB galaxy types
4.1. Spectral energy distributions
Table 1 provides an overview of selected spectral properties of the three proposed types of PSB galaxies. Generally, Group 1 emits both Hα and [OII], whereas Group 2 emits some [OII], but absorbs Hα. Group 3 absorbs both Hα and [OII]. All groups have strong Hδ absorption.
Table 1. 
Median EWs of selected spectral lines for the PSB groups identified in the Meusinger et al. (2017) catalog.

Fig. 4 shows that Group 1 also emits [OIII] and [NII]. This is indicative of ongoing star formation or AGN activity (possibly initiated by merging) (Baldwin et al. 1981; Kewley et al. 2013). Given its strong emission lines, Group 1 might contain AGNs, but following Kauffmann et al. (2003b), many of the galaxies are not classified as AGN. Furthermore, Fig. 5 shows that the groups are not separated in a BPT diagram, indicating that AGN activity does not cause this grouping of PSB galaxies.
	[image: thumbnail]	Fig. 4. Top: stacked SEDs for the PSB groups identified in the Meusinger et al. (2017) catalog. Groups 1, 2, and 3 are shown from top to bottom. Prior to stacking, the SEDs were normalized by the mean flux in the 5050–5150 Å region to account for redshift dependences (identical continua were assumed). All SEDs were given equal weight, but only spectra with a signal-to-noise ratio > 5 for the g, r, and i bands were included (this includes > 97% of the galaxies in the catalog). 16th and 84th percentiles are shown within the shaded area, and selected spectral lines are highlighted. Bottom: flux ratios.



	[image: thumbnail]	Fig. 5. Contour BPT diagrams of the three PSB groups. The EWs of Hα, Hβ, [NII], and [OIII] were retrieved from the Portsmouth catalog. Galaxies above the black line are classified as AGN (see Kauffmann et al. 2003b).



The galaxy spectra shown in the upper panel of Fig. 4 differ primarily in the lines, but the flux ratios (bottom panel) show that Group 1 has greater continuum emission at either end of the visible spectrum. Extinction measurements are consistent with all three groups being identical, however, implying that the enhanced continuum emission toward UV wavelengths has to be explained by something other than dust. For example, Group 1 might contain some massive O and B stars that have not yet died, as also indicated by its Hα and [OII] emission. The grouping does not separate AGNs (Fig. 5), so AGN activity does probably not cause the enhanced continuum emission. Group 3 has greater continuum emission than Group 2 at lower wavelengths.
4.2. Morphologies and merger histories
The merger histories of PSB galaxies give insight into the mechanisms that produce them, including whether the PSB phase is externally or internally triggered. Although the process of merging disturbs the morphology of the involved galaxies, it is challenging to constrain the merger history of a galaxy. This is commonly done either by visual inspection or by determining quantitative morphological parameters that are suggestive of past or ongoing mergers (Pawlik et al. 2015; Lotz et al. 2008a).
To examine whether the grouping is correlated to the merger histories of the galaxies, several quantitative morphological parameters were compared between the groups. These include CAS-statistics, Gini/M20, χ2 of Sersic fits (e.g., Lotz et al. 2004; Pawlik et al. 2015), and merger probabilities calculated from visual classifications by nonexperts in Galaxy Zoo (Willett et al. 2013). The properties are not clearly divided between the groups, but Fig. 6 shows a variation in the asymmetry parameter, which was measured from galaxy images using statmorph (Rodriguez-Gomez et al. 2018) and quantifies the rotational symmetry of the light from the galaxy (Lotz et al. 2004). On average, Group 3 is less asymmetric than Groups 1 and 2, and KS tests showed that Group 3 is inconsistent with being identical to Groups 1 and 2 (p < 0.01). Thus, Group 3 is probably either associated with a minor merger or with no merger at all. Groups 1 and 2 are weakly inconsistent with being identical (p ∼ 0.017). These differences could be blurred by poor preprocessing of the images.
	[image: thumbnail]	Fig. 6. Asymmetry distributions for the three PSB groups in the Meusinger et al. (2017) catalog. The asymmetry parameter was measured using statmorph, following the method of Lotz et al. (2004).



Li et al. (2023) presented a different catalog of PSB galaxies that were visually classified as either post-merger or noninteracting (and thereby, nonpost-merger). This was done following the method by Nair & Abraham (2010), where post-mergers are found among galaxies with unusual forms in their g-band images. The Li et al. (2023) galaxies were selected to have statistically similar stellar masses and redshifts (in the range 0.02 ≤ z ≤ 0.06). Requiring EW(Hδ) > 3 Å, EW(Hα) >  − 10 Å, and log(−EW([OII])) < 0.23 × EW(Hδ)−0.46, the catalog includes 264 resolved PSB galaxies, 96 of which are identified as post-merger.
Although the Li et al. (2023) PSB sample is too small to reliably identify any groups in a UMAP embedding, some structures can still be studied. The UMAP embeddings of the Li et al. (2023) galaxies suggest that the spectral properties of a PSB galaxy are correlated to its merger history: If there were no correlation between the merger history of a galaxy and its spectral properties, the post-mergers should be randomly distributed across the embedding because UMAP is given no information about any morphological features of the galaxies. Thus, the fraction of post-mergers in any sufficiently large section should be similar to that of the entire catalog. However, in a selected region that includes 25% of the galaxies in the catalog and 50% of the post-mergers, 71% are post-merger, as opposed to the expected 36% if the post-mergers were randomly distributed. This excess factor of two indicates that post-merger PSB galaxies share some spectral properties that separate them from nonpost-merger PSB galaxies. This is consistent with there being multiple types of PSB galaxies and multiple mechanisms for quenching star formation. Because merger histories are difficult to constrain, the post-merger fraction in the selected region might be even larger. Similarly, Ventou et al. (2019) suggested a merger fraction of ∼20% for galaxies at redshift z < 1.5, which is comparable to the merger fraction of 25% among the remaining galaxies.
4.3. Derived properties
Additional derived galaxy properties can be used to evaluate potential explanations for the origins of these three groups. In principle, these derived properties could have been used to produce the embedding described in Sect. 3. They were measured via photometric template fitting, however, and therefore relied on several strong assumptions (e.g., of the initial mass function or the shape of the star formation history). Consequently, only properties in existing catalogs that were derived using established techniques were compared. Further, individual galaxy properties are often only very weakly constrained, so that the most useful results instead come from considering distributions of properties across large galaxy samples (Ilbert et al. 2013; Mitchell et al. 2013; Speagle et al. 2014; Davidzon et al. 2017; Weaver et al. 2023). Thus, it is meaningful to test whether the groups have similar or dissimilar distributions of the derived properties, even though the individual values may not be robust.
Perhaps the most informative are the stellar mass distributions. It has been known for several decades that at fixed redshift, the most massive galaxies are predominantly quiescent while the least massive are still forming stars. This result is one of several that are collectively termed downsizing (see Cowie et al. 1996). Galaxies with stellar masses similar to the most massive star-forming galaxies will be quiescent at lower redshifts, implying that these galaxies must turn off in the near future.
Fig. 7 shows that all three groups of PSB galaxies have masses similar to both the most massive star-forming galaxies (SFGs) and the least massive quiescent galaxies (QGs), corresponding to galaxies that should be at or near turnoff. Thus, it would appear that all three groups of PSB galaxies might be associated not with rejuvenation of typical quiescent galaxies, in which case their stellar mass distribution should be more similar to the quiescent stellar mass distribution, but rather with turnoff from the star-forming main sequence. Further, Fig. 8 shows that galaxies within the three PSB groups migrate from the star-forming region (Group 1) to the transitional region (Group 3) on a SFR vs. stellar mass diagram, suggesting the possibility that the three might comprise an age sequence within a single scenario for main-sequence turnoff. Based on ages from the star-forming model in the Portsmouth catalog, however, the galaxies in all three groups are consistent with having identical age distributions (p > 0.1).
	[image: thumbnail]	Fig. 7. Stellar mass distribution of PSB galaxies in the Meusinger et al. (2017) catalog compared to star-forming and quiescent galaxies. Stellar masses were taken from the Portsmouth catalog, and the quiescent sample was selected selected to have SFR = 0.



	[image: thumbnail]	Fig. 8. Star formation rate vs. stellar mass parameter space for each of the PSB groups in the Meusinger et al. (2017) catalog. Groups 1, 2, and 3 are shown from top to bottom. The galaxy properties were taken from the MPA-JHU catalog, and the transitional region is outlined by the dashed lines following Li et al. (2023).



Fig. 7 further shows that Groups 1 and 2 have statistically similar mass distributions (p > 0.1), whereas Group 3 is differs, predominantly on the low-mass end (p ≪ 0.01). This is true for stellar masses measured by both the MPA-JHU catalog and the Portsmouth catalog. As a result, this deviation is likely genuine, although there is no obvious mechanism that would produce it. One possibility is that Group 3 should actually comprise two groups, and that the limited information provided to UMAP is insufficient to separate them.
The Portsmouth catalog fits stellar evolution models to SDSS photometry with a small number of discrete choices of metallicity (Z = 0.004,  0.01,  0.02, and 0.04). All three galaxy groups have broadly similar metallicity distributions that peak between the peaks of the star-forming and quiescent distributions in the Z = 0.02 bin. A χ2 test indicates that the small differences in the distributions of the three groups are statistically significant (p < 0.01), but a spectroscopic study allowing a continuous range of metallicities to be fit is required to properly determine the origin and potential astrophysical significance.
5. Potential origins of PSB galaxy types
In Sects. 3 and 4, we argued that there are three distinct types of PSB galaxies rather than a single type, as previously proposed. We considered several possibilities to explain the origins of these distinct types:

	
The grouping might be an evolutionary sequence in which Group 1 is the youngest and Group 3 is the oldest.



	
The groups might all be merger-driven, but produced by different types of mergers.



	
Some of the groups might instead evolve secularly through the PSB phase, such as in the red star-forming galaxy scenario (Steinhardt 2025).




A summary of the results is given in Table 2.
Table 2. 
Overview of predictions for a selection of proposed models and the observations we used to test them.

5.1. An evolutionary sequence
One interpretation is that the grouping is an evolutionary sequence of PSB galaxies with a similar origin. We assumed that Group 1 is the youngest (and Group 3 the oldest) because Hα and [OII] emission and SFRs decrease continuously toward Group 3. This is consistent with the canonical scenario according to which PSB galaxies are in the midst of rapid quenching. Further, Group 1 has greater continuum emission toward UV wavelengths and emits some [OIII], indicating that some of its O and B stars have not yet died.
If the PSB phase has been initiated by a merger (as is commonly thought), the evidence of the merger will fade over time. If the grouping is an evolutionary sequence, the evidence of the merger should therefore be less pronounced in Group 3. This is consistent with observations, as Group 3 is less asymmetric than Group 1. The partial separation of post-mergers and nonpost-mergers in the Li et al. (2023) catalog is also consistent with the grouping being an evolutionary sequence of merger-driven PSB galaxies: Obvious post-mergers and nonpost-mergers are easily categorized, whereas recovered post-mergers may be incorrectly categorized as nonpost-mergers. Likewise, the size of the merger may affect the extent to which the morphology of the galaxy is disturbed, causing variations in the asymmetry parameter (Lotz et al. 2008b).
Observations indicate, however, that the galaxies are equally old, suggesting that the grouping is not an evolutionary sequence. On the other hand, it is difficult to determine the age of a galaxy using photometric template fitting (as in this case; see Pforr et al. 2012), and a high resolution is needed to differentiate between the ages of galaxies in a short-lived phase like this. Further, this method is dominated by the continuum, whereas the SEDs primarily differ in the lines (Fig. 4). In addition, the galaxy age is only a good proxy of the time elapsed since the initiation of the PSB phase if the galaxies on average were equally old when the PSB phase was initiated. If the groups only differ by the evolutionary stage of the PSB phase in which they are, however, there is no obvious reason why the groups on average should have initiated the PSB phase at different ages.
If the groups comprise an age sequence, they should have nearly identical stellar mass distributions because they have similar origins and none of them form stars actively. The mass distribution of Group 3 is statistically different from those of Groups 1 and 2 (Fig. 7), which would be inconsistent with the age-sequence hypothesis. The discrepancy is limited to a small fraction of Group 3 on the low-mass end, however. Thus, another possibility is that Group 3 comprises two groups, one at the low-mass end and another with a mass distribution similar to Groups 1 and 2.
5.2. Distinct merger-driven origins
As shown in Sect. 4, the properties of PSB galaxies are multimodal. Thus, the three groups likely do not constitute a single evolutionary sequence, but instead have distinct astrophysical origins. The PSB phase might still be entirely merger-driven, however.
As described in Sect. 1, Pawlik et al. (2019) presented three distinct merger-driven mechanisms for producing PSB galaxies, differentiated by the evolutionary stage of a galaxy when the merger occurs. The three groups might then be caused by mergers creating a starburst and subsequent post-starburst phase in star-forming galaxies, turnoff galaxies, and quiescent galaxies.
Since Group 1 has the highest SFR and the strongest emission lines, this group may represent the Pawlik et al. (2019) blue-to-blue cycle in which the galaxies resume their star formation after the PSB phase. Group 2 may include galaxies that transition from star-forming to quiescent, and the low asymmetry of Group 3 suggests that its (formerly quiescent) galaxies may have been rejuvenated by minor mergers. Moreover, Group 3 should have weaker emission lines because its star formation has already quenched, and the minor merger has only caused a weak starburst. This is consistent with the general trend observed in Fig. 8.
If the groups are produced by mergers affecting different types of precursor galaxies, the mass distribution of Groups 1 and 2 (originating from star-forming galaxies) should be similar to star-forming galaxies, whereas the mass distribution of Group 3 (originating from quiescent galaxies) should be similar to that of quiescent galaxies. This prediction is consistent with observations because the masses of all three PSB groups are similar to the most massive star-forming galaxies and to the least massive quiescent galaxies (see Fig. 7).
Pawlik et al. (2019) further suggested that the blue-to-blue cycle occurs for ∼30% of PSB galaxies with 9.5 < log(M*/M⊙) < 10.5, which is consistent with Group 1 containing ∼30% of the galaxies within this mass range. Pawlik et al. (2019) also suggested that ∼70% of PSB galaxies with 9.5 < log(M*/M⊙) < 10.5 and ∼60% of PSB galaxies with log(M*/M⊙) > 10.5 transition from star-forming to quiescent as a result of a gas-rich major merger, which is consistent with Group 2 containing ∼60% of the galaxies within both of these mass ranges. Pawlik et al. (2019) suggested, however, that ∼40% of PSB galaxies with log(M*/M⊙) > 10.5 are rejuvenated galaxies, whereas Group 3 only contains ∼10% of the Meusinger et al. (2017) galaxies within this mass range. Pawlik et al. (2019) also suggested that these galaxies gradually move toward the high-mass end of the red sequence, but Group 3 is found at the low-mass end. In contrast to observations, in this scenario, Group 3 is also expected to have an older stellar population because it was previously quiescent. Instead, the stellar populations in all three groups have similar age distributions.
5.3. RSFGs and secular evolution
The Pawlik et al. (2019) interpretation might be consistent with observations of Groups 1 and 2, but is apparently inconsistent with Group 3. A plausible interpretation must be able to explain why the galaxies in Group 3 are the reddest, but are younger than quiescent galaxies and lie at the low-mass end of the red sequence.
One possibility is that Group 3 contains the nonmerger-driven but secularly evolving red star-forming galaxies proposed by Steinhardt (2025). This interpretation is consistent with Group 3 having weaker emission lines because RSFGs have stopped to actively form O and B stars. The model also explains why Group 3 has a lower SFR because SFRs are traced by short-lived O and B stars, not by the low-mass stars that RSFGs are still actively forming. If Group 3 is produced by a different mechanism, this might even explain why Group 3 is most clearly separated in the UMAP embedding. Moreover, the enhanced low-wavelength continuum emission of Group 3 compared to Group 2 is consistent with Group 3 being produced by a different mechanism, rather than being the end stage of an evolutionary sequence.
In addition, all three galaxy types could be equally old (as observations suggest), with some evolving secularly and some being forced into the PSB-phase by mergers. The nonmerger-driven Group 3 will have a lower asymmetry, as observed.
Finally, the mass distribution of Group 3 (ranging from the most massive star-forming galaxies to the least massive quiescent ones) is consistent with RSFGs being at turnoff. Further, Group 3 could (but is not required to) have a different mass distribution if it is produced by a different mechanism, which is consistent with its deviation from Groups 1 and 2 at the low-mass end. Steinhardt (2025) made no additional predictions for the mass distribution of RSFGs compared to merger-driven PSB galaxies.
6. Discussion
We used UMAP to cluster PSB galaxies based on the strengths of selected spectral lines and found strong evidence that there are three distinct types of post-starburst galaxies with dissimilar properties. It appears that the grouping is not simply an age sequence, but is instead correlated with additional observed galaxy properties and likely also with the merger histories of these galaxies.
The most likely scenario is that the three types of PSB galaxies have distinct astrophysical origins, some of which may not be associated with a merger or a starburst. Groups 1 and 2 have several properties in common with merger-driven scenarios, but Group 3 appears to be inconsistent. The hypothesis that galaxies might not quench when they leave the main sequence, but rather continue as red star-forming galaxies (RSFG; Steinhardt 2025), is consistent with observations of Group 3.
Additional falsifiable tests are needed to determine the exact origins of the three PSB galaxy types, however. Moreover (for the properties compared in this work), the RSFG hypothesis makes less specific predictions that are harder to reject. Thus, future research could compare the quenching directions of the PSB galaxy types to decide whether the PSB phase(s) is (are) internally or externally triggered: Li et al. (2023) reported that post-mergers predominantly quench outside-in, whereas RSFGs are expected to quench inside-out (Steinhardt 2025). If there is no correlation between the PSB groups and their quenching directions, the RSFG interpretation must therefore be rejected.
Interestingly, the mass distributions of all three PSB groups range from the most massive star-forming galaxies to the least massive quenched galaxies. This is expected for Group 3 if it contains RSFGs that are at turnoff; that all three PSB galaxy types have masses in this range indicates that they are all near turnoff. This observation is consistent with downsizing, the idea that the most massive galaxies formed the bulk of their stellar mass on a shorter timescale. Similarly, Wong et al. (2012) suggested that PSB galaxies contribute to building up the low-mass end of the red sequence. This is interesting because PSB galaxies are thought to be created by some rare event, but if they are all near turnoff, maybe all typical galaxies go through the post-starburst phase.
Generally, downsizing is inconsistent with any interpretation in which the galaxies do not transition from star-forming to quiescent, for example, the rejuvenation of galaxies or the blue-to-blue cycle interpretation of Group 1. The hypothesis does not constrain the quenching mechanism(s) further. Thus, other interpretations may be consistent with downsizing as well. There would be no reason for post-mergers to be over-represented among PSB galaxies if the majority of galaxies evolved secularly through the PSB phase, however. Therefore, at least one of the PSB groups is likely to be associated with merging.
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	[image: thumbnail]	Fig. 4. Top: stacked SEDs for the PSB groups identified in the Meusinger et al. (2017) catalog. Groups 1, 2, and 3 are shown from top to bottom. Prior to stacking, the SEDs were normalized by the mean flux in the 5050–5150 Å region to account for redshift dependences (identical continua were assumed). All SEDs were given equal weight, but only spectra with a signal-to-noise ratio > 5 for the g, r, and i bands were included (this includes > 97% of the galaxies in the catalog). 16th and 84th percentiles are shown within the shaded area, and selected spectral lines are highlighted. Bottom: flux ratios.
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	[image: thumbnail]	Fig. 8. Star formation rate vs. stellar mass parameter space for each of the PSB groups in the Meusinger et al. (2017) catalog. Groups 1, 2, and 3 are shown from top to bottom. The galaxy properties were taken from the MPA-JHU catalog, and the transitional region is outlined by the dashed lines following Li et al. (2023).
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        UMAP embedding of the galaxies in the Meusinger et al. (2017) catalog. Each point represents one galaxy and has an opacity α = 0.4 to visualize the densities. UMAP was provided with EWs of Hα, Hδ, [OII]λ3727 and [OII]λ3729, and default UMAP parameters were used.
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        Kernel density estimates (KDEs) of EW(Hα) vs. EW([OII]λ3727) for each group. Negative values indicate emission, and the data are shown on a symmetric logarithmic scale. To ensure that the distributions are depicted accurately, the KDE for Group 2 was limited to EW(Hα) < 10 Å, including ≥98% of the galaxies in this group.
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        UMAP embeddings of the galaxies in the Meusinger et al. (2017) catalog sorted randomly into 16 different orders. As in Fig. 1, galaxies in Groups 1, 2, and 3 are shown in green, blue, and red, respectively.

      

    

  
    
      Table 1. 

      Median EWs of selected spectral lines for the PSB groups identified in the Meusinger et al. (2017) catalog.

      
        


	
	Group 1
	Group 2
	Group 3





	EW(Hα) [Å]
	−0.28 (−1.91 to 0.45)
	2.26 (1.48 to 3.27)
	2.14 (1.19 to 2.82)



	EW(Hδ) [Å]
	5.47 (3.85 to 7.44)
	4.40 (3.35 to 6.39)
	3.96 (3.28 to 5.69)



	EW([OII]λ3727) [Å]
	−1.74 (−3.19 to −0.75)
	−0.65 (−1.59 to −0.23)
	1.94 (−0.25 to 5.96)



	EW([OII]λ3729) [Å]
	−2.02 (−3.57 to −0.90)
	−0.77 (−1.72 to −0.25)
	1.01 (−1.04 to 5.84)





      

      
Notes. 16th and 84th percentiles are shown in parentheses.
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        Top: stacked SEDs for the PSB groups identified in the Meusinger et al. (2017) catalog. Groups 1, 2, and 3 are shown from top to bottom. Prior to stacking, the SEDs were normalized by the mean flux in the 5050–5150 Å region to account for redshift dependences (identical continua were assumed). All SEDs were given equal weight, but only spectra with a signal-to-noise ratio > 5 for the g, r, and i bands were included (this includes > 97% of the galaxies in the catalog). 16th and 84th percentiles are shown within the shaded area, and selected spectral lines are highlighted. Bottom: flux ratios.
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        Contour BPT diagrams of the three PSB groups. The EWs of Hα, Hβ, [NII], and [OIII] were retrieved from the Portsmouth catalog. Galaxies above the black line are classified as AGN (see Kauffmann et al. 2003b).
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        Asymmetry distributions for the three PSB groups in the Meusinger et al. (2017) catalog. The asymmetry parameter was measured using statmorph, following the method of Lotz et al. (2004).
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        Stellar mass distribution of PSB galaxies in the Meusinger et al. (2017) catalog compared to star-forming and quiescent galaxies. Stellar masses were taken from the Portsmouth catalog, and the quiescent sample was selected selected to have SFR = 0.
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        Star formation rate vs. stellar mass parameter space for each of the PSB groups in the Meusinger et al. (2017) catalog. Groups 1, 2, and 3 are shown from top to bottom. The galaxy properties were taken from the MPA-JHU catalog, and the transitional region is outlined by the dashed lines following Li et al. (2023).

      

    

  
    
      Table 2. 

      Overview of predictions for a selection of proposed models and the observations we used to test them.

      
        


	Measurement
	Age sequence
	Merger-driven
	RSFG prediction
	Observation



	
	prediction
	mechanisms
	
	



	
	
	prediction
	
	





	Emission line
	Decrease towards
	Decrease towards
	Weak in Group 3
	Decrease towards



	strengths
	Group 3
	Group 3
	 
	Group 3



	Mass distribution
	Similar
	Group 1–2 like SFGs,
	Could be dissimilar
	Groups 1–2 similar,



	
	 
	Group 3 like QGs
	 
	Group 3 different



	Age distribution
	Increase towards
	Higher in Group 3
	Could be similar
	Similar



	
	Group 3
	 
	 
	



	Extinction
	Decrease towards
	
	
	Similar



	
	Group 3
	
	
	



	SFR
	Decrease towards
	
	Low in Group 3
	Decrease



	
	Group 3
	
	 
	towards Group 3



	Asymmetry
	Decrease towards
	Lower in Group 3
	Low in Group 3
	Lower in Group 3



	
	Group 3
	 
	 
	





      

      
Notes. The green, yellow, and red cells indicates that the model is either consistent, weakly (in)consistent, or inconsistent with the observations, respectively.
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