A&A, 697, A159 (2025)Extragalactic astronomyDOI: 10.1051/0004-6361/202553669© The Authors 2025
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model.

Open Access funding provided by Max Planck Society.

The population of tidal disruption events discovered with eROSITA
I. Grotova1⋆ [image: orcid], A. Rau1 [image: orcid], P. Baldini1 [image: orcid], A. J. Goodwin3 [image: orcid], Z. Liu1 [image: orcid], A. Merloni1 [image: orcid], M. Salvato1 [image: orcid], G. E. Anderson3 [image: orcid], R. Arcodia4 [image: orcid], J. Buchner1 [image: orcid], M. Krumpe2, A. Malyali1 [image: orcid], M. Masterson4 [image: orcid], J. C. A. Miller-Jones3 [image: orcid], K. Nandra1 [image: orcid] and R. Shirley1 [image: orcid]

1 
 
 Max-Planck-Institut für extraterrestrische Physik,  Giessenbachstrasse 1,  85748   Garching,  Germany 
 


2 
 
 Leibniz-Institut für Astrophysik Potsdam,  An der Sternwarte 16,  14482   Potsdam,  Germany 
 


3 
 
International Center for Radio Astronomy Research, Curtin University,  GPO Box U1987, Perth, WA   6845,  Australia 
 


4 
 
 MIT Kavli Institute for Astrophysics and Space Research,  70 Vassar Street, Cambridge, MA   02139,  USA 
 



⋆  Corresponding author: grotova@mpe.mpg.de


Received: 
3 
January 
2025
Accepted: 
13 
March 
2025
Published online: 16 May 2025
Abstract

Aims. The Spectrum Roentgen Gamma (SRG) eROSITA all-sky survey marks the beginning of the data-rich era by conducting population studies of tidal disruption events (TDEs) and other rare X-ray transients. This paper presents a systematic study of X-ray-selected canonical TDEs discovered in the western Galactic hemisphere of the first two eROSITA all-sky surveys (eRASS1 and eRASS2) performed between Dec 2019 and Dec 2020.

Methods. We compiled a TDE sample from the catalog of eROSITA's extragalactic transients and variables eRO-ExTra, which includes X-ray sources with a variability significance and fractional amplitude over four between eRASS1 and eRASS2, not associated with known active galactic nuclei (AGNs). Each X-ray source is associated with an optical counterpart from the Legacy Survey DR10 (LS10). Canonical TDEs were selected based on their X-ray light-curve properties (single flare or decline), soft X-ray spectra (Γ>3), and the absence of archival X-ray variability and AGN signatures in their host photometry and spectroscopy.

Results. We present 31 X-ray-selected TDE candidates associated with optical counterparts with redshifts of 0.02<z<0.34 and luminosities of 5.7×1041<LX<5.3×1044 ergs−1 in the 0.2−6.0 keV rest frame. The sample contains 30 canonical TDEs and one off-nuclear TDE candidate. The X-ray luminosity function derived from this sample is best fit by a double power law with a luminosity break at 1044 ergs−1, corresponding to the Eddington-limiting prediction. The result is in agreement with previous observational and theoretical estimates. This corresponds to a TDE volumetric rate of [image: equation] (≈1.2×10−5 events per galaxy per year). The TDE host galaxies show a green-valley overdensity, as was previously found in X-ray and optical studies. In addition, 20%, 30%, and 15% of our X-ray-selected sample exhibit flares in the optical, mid-infrared (mid-IR), or radio bands, respectively. We discuss the differences between X-ray, optical, and mid-IR TDE populations and the origins of multiwavelength flares in the context of the obscuring envelope and stream-stream collision models. Finally, we highlight TDE subpopulations that are not included in the canonical sample and should be explored in the future.
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1. Introduction
A star passing within a tidal radius of a massive black hole will be disrupted by gravitational forces. In such a tidal disruption event (TDE; Hills 1975; Rees 1988), the bound portion of stellar debris will eventually be accreted onto the black hole (BH), resulting in a bright electromagnetic flare lasting from weeks to years. TDEs provide unique insight into the otherwise inaccessible environments of quiescent BHs, their demographics, and dynamical accretion processes.
The first TDE candidates were discovered in X-rays by the ROSAT all-sky survey (e.g., Bade et al. 1996; Grupe et al. 1999; Komossa & Greiner 1999; Greiner et al. 2000). They showed large-amplitude soft X-ray flares (≈few×105 K) in the centers of quiescent galaxies and a decline (∝t−5/3; Komossa 2015) on timescales ranging from months to years. Further X-ray-selected TDE candidates came from the XMM-Newton Slew survey, Chandra, and the Neil Gehrels Swift Observatory. A comprehensive review of 21 X-ray-discovered TDE candidates reported in the literature by mid-2019 is provided in Saxton et al. (2020). Launched in 2019, the extended Roentgen Survey with an Imaging Telescope Array (eROSITA; Predehl et al. 2021) on board the Russian-German Spektr-RG mission (Sunyaev et al. 2021) has revealed numerous canonical TDEs and uncovered more exotic TDE scenarios (Malyali et al. 2021, 2023a, 2024). For example, in the German half of the eROSITA sky (eROSITA_DE; 359.9442°>l>179.9442°), repeating and partial TDEs (pTDEs) exhibiting repeating flares on timescales ranging from weeks (e.g., eRASSt J045650.3-203750; Liu et al. 2023, 2024) to decades (e.g., RX J133157.6-324319.7; Malyali et al. 2023b) were discovered. The eROSITA all-sky coverage and higher sensitivity also enabled us to perform the first systematic X-ray TDE population studies. A study of a sample of 13 TDE candidates found between Jun 2020 and Dec 2020 in the eastern Galactic hemisphere (eROSITA_RU; −0.0558°<l<179.9442°) data of the eROSITA all-sky survey was presented in Sazonov et al. (2021).
Thanks to the advent of large wide-field optical surveys (e.g., Zwicky Transient Facility; Bellm et al. 2019, ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017), the discovery rate of TDEs in the optical band has significantly increased in recent years (see a review of 56 TDE candidates in Gezari 2021), enabling the first population studies (van Velzen et al. 2021a; Yao et al. 2023; Guolo et al. 2024). Population studies were also performed in mid-infrared (mid-IR; Masterson et al. 2024) and radio bands (Dykaar et al. 2024; Goodwin et al. 2025). The growing sample of events demonstrated that the underlying population of TDEs is very heterogeneous; this is supported by the differences in the predicted TDE luminosity functions and rates. For example, not all X-ray-selected TDEs show optical or infrared (IR) emission and vice versa; many show notable deviations from the expected, monotonically decaying light-curve evolution, including combinations of missing or altered multiwavelength signatures (van Velzen et al. 2020; Masterson et al. 2024). The apparent dichotomy in the multiwavelength emission of TDEs, reflected in differing characteristic radii and temperatures, can be attributed to distinct physical processes and emission regions. The X-ray emission, consistent with thermal emission, is expected to trace the formation of the accretion disk around the supermassive black hole (SMBH). Conversely, the optical emission is thought to arise from collisions of the debris stream at large radii during the circularization process (Piran et al. 2015; Jiang et al. 2016b; Bonnerot et al. 2017). Alternatively, optical and IR emission may come from the reprocessing of the X-ray emission by an optically thick envelope (Roth et al. 2016; Dai et al. 2018; Thomsen et al. 2022). In the latter scenario, the observed differences between the optical and X-ray emission properties are explained by the observer's viewing angle (Dai et al. 2018; Parkinson et al. 2022) and patchy obscuration (van Velzen et al. 2020). It is an open question as to which scenario is preferential for describing observational properties of TDEs and whether several processes co-exist during different stages of TDE evolution. Moreover, recent samples of X-ray- (Sazonov et al. 2021) and optically (Yao et al. 2023) selected TDEs uncovered lower TDE rates (≈10−5 year−1galaxy−1) compared to the theoretical rates predicted by loss-cone dynamics (Brockamp et al. 2011; Mageshwaran & Mangalam 2015; Stone & Metzger 2016) on the order of 10−4 year−1galaxy−1. Population studies involving systematic all-sky studies will shed more light on the missing TDE problem, whether it arises from observational caveats, selection biases of TDEs in different energy bands, or the physical interpretation of multiwavelength TDE emission.
Another puzzle about the TDE host galaxies is that optical and X-ray TDEs are mostly identified in the “green valley” of the galaxy color-mass space (e.g., Law-Smith et al. 2017; Hammerstein et al. 2021; Sazonov et al. 2021; Yao et al. 2023), which is associated with galaxies between star-forming (“blue”) and passive (“red”) states (Martin et al. 2007). Whereas the larger TDE rate in the green-valley galaxies may be explained by an efficient loss-cone filling after a recent star formation period or a galaxy merger (French et al. 2020; Hammerstein et al. 2021), it is still unclear if the overpopulation is biased against redder hosts wherein the TDEs can be obscured by dust (Roth et al. 2021).
In this work, we present a sample of the 31 most prominent TDE candidates selected from the first two eROSITA all-sky surveys (eRASS) in the western Galactic hemisphere. The presented sample is the largest systematically X-ray-selected TDE sample to date due to the unprecedented sensitivity, six-month cadence, and all-sky coverage of eROSITA. The sample includes 30 canonical TDEs and one off-nuclear TDE candidate. We provide a statistical study of the population using in-depth X-ray analysis as well as multiwavelength data in mid-IR, optical, and radio bands. The study focuses on improving existing X-ray TDE rate estimates, inspecting the TDE host population and BH mass distribution and exploring a multiband view of TDEs on a timescale of years.
The paper is structured as follows. In Sect. 2, we outline the selection of the TDE sample; in Sect. 3 we give an overview of the final sample, its X-ray properties, and optical counterparts; in Sect. 4 we explore the multiwavelength variability of the selected TDEs; and in Sect. 5 we analyze the host galaxy properties of the sample. Finally, we provide a discussion in Sect. 6. The computation of the TDE X-ray luminosity function and rates are given in Sect. 6.1; and we conclude with a summary in Sect. 7.
We adopted a flat ΛCDM cosmology throughout this work, with H0 = 67.7 km s−1 Mpc−1 and Ωm = 0.309 (Planck Collaboration XIII 2016). The uncertainties quoted in the paper are based on 68% confidence intervals, and upper limits (ULs) are reported at 3σ, unless stated otherwise.
2. Selection of TDE candidates
X-ray emission is a direct probe of BH accretion and, therefore, is the most robust way of identifying accretion-driven flares. This study focuses on canonical X-ray TDEs, that is events characterized by an X-ray light curve showing a single flare lasting months to years with a soft (Γ≳3) spectrum. The parent sample is the catalog of extragalactic, non-AGN X-ray transients and variables eRO-ExTra1 (Grotova et al. 2025). The following subsections detail the TDE selection process based on X-ray light-curve and spectral properties.
2.1. Parent catalog: eRO-ExTra
eRO-ExTra is a systematically selected catalog of 304 X-ray transients and variables discovered in the first two eROSITA_DE all-sky surveys (Merloni et al. 2024, eRASS1 and eRASS2; Nov 2019–Nov 2020) and contained within the Legacy survey DR10 (LS102; Dey et al. 2019) footprint. Starting from more than two thousand sources, which vary with significance and fractional amplitude larger than four between eRASS1 and eRASS2, eRO-ExTra was thoroughly cleaned from contaminants, such as stars and traditional active galactic nuclei (AGNs). The eRO-ExTra catalog made use of available archival photometric and spectroscopic data to exclude AGN contaminants. In particular, a mid-IR cut of W1−W2<0.8 magVega (Stern et al. 2012) was applied to exclude typical AGNs based on their mid-IR color indicative of hot dust emission. Moreover, available pre-flare archival spectra were inspected, and sources with typical AGN emission lines were removed. Other applied criteria included a parallax cut; visual inspection and utilization of previous classification from the literature; and the analysis of X-ray data from other missions. Namely, archival X-ray data helped distinguish new transients from long-term X-ray variables such as AGNs. The eRO-ExTra catalog has been cleaned from sources showing significant archival X-ray detections at the level of eROSITA peaks using XMM-Newton Slew Survey (Saxton et al. 2008), Swift (Burrows et al. 2005), and ROSAT (Voges et al. 1999) archival data.
All eRO-ExTra sources were associated with optical LS10 counterparts using a Bayesian algorithm for cross-matching multiple catalogs called NWAY (Salvato et al. 2018, 2022). Based on the assigned NWAY counterpart probability (p_any>0.17), more than 90% of the counterparts are considered reliable. Moreover, reliable spectroscopic or photometric redshifts (Saxena et al. 2024) are provided for more than 80% of the sample. The systematic selection of eRO-ExTra and provided long-term eROSITA light-curve classification and X-ray spectral modeling at the peak epoch allowed us to identify strong canonical TDE candidates.
2.2. eROSITA light curves
X-ray light curves allowed us to further differentiate among TDEs, variable AGNs, and AGN ingition events. Canonically, the X-ray light curve of a TDE shows a sharp rise, peaking within a few weeks to a few months after the disruption event, followed by a power-law decay over several months to years with an index of −5/3 (Evans & Kochanek 1989); the typical X-ray peak luminosities are between 1042 and a few times 1044 ergs−1 (Saxton et al. 2020). However, the fall-back rate can be influenced by various factors such as the internal structure and spin of a star, the BH spin, and the impact parameter of the star's orbit (Gezari 2021). The assumption of a full disruption with debris following Keplerian orbits will also be violated in pTDEs where steeper power-law indexes up to −9/4 can be observed (Coughlin & Nixon 2019). The goal of this work is to systematically select canonical TDE candidates following this predicted single flare behavior. eROSITA TDE candidates that show larger diversity in X-ray light curves (e.g., Guolo et al. 2024), will be discussed in a later publication.
The eROSITA light curves include fluxes of all four complete all-sky surveys (eRASS1-eRASS4) and eRASS5 if available (henceforth eRASS4(5)). This provides a coverage of 1.5–2.0 years, with each eRASS being approximately six months after the previous one. Although the eROSITA sampling of light curves is too sparse to precisely constrain rise and decay times and slopes and only provides the lower limit for the peak flux, it allowed us to differentiate canonical TDE candidates from other sources that vary repeatedly or stay consistently bright on a longer timescale. We used the light-curve classification from the eRO-ExTra catalog, which divides the sample into four classes using eRASS1-4(5) data: decline, flare, brightening, and other. Canonical TDEs were selected from the flare and decline classes. The former class implies that eROSITA has covered the rise and decay phases of the event, and sources in the latter class were only observed from or after their peak. Here, we assumed the monotonic behavior based only on the eROSITA information, with the caveat that short-term variability can take place between eRASSes. This was seen before in other TDE candidates (Liu et al. 2023). Similarly, we did not use the short term variability within a single eRASS to discriminate between sources.
2.3. eROSITA spectral modeling
The X-ray spectra at peak luminosity made it possible for us to highlight the strongest TDE candidates from the eRO-ExTra catalog. All our sources were modeled with fixed Galactic-absorption (tbabs) components with equivalent neutral hydrogen column densities (NH, gal) extracted from the HI4PI survey (HI4PI Collaboration 2016) at their position. The eRO-ExTra catalog provides best-fit values with a power-law model tbabs*powerlaw. To identify canonical X-ray soft TDEs, we selected sources with photon indexes Γ>3 taking into account 1σ errors. This threshold was chosen based on the typical observational properties of previously X-ray-selected TDEs (Γ = 3−5; Saxton et al. 2020). We note that this threshold again selects only the canonical X-ray soft population of TDEs and not the entire class of possible X-ray TDEs, as several evolution scenarios may cause spectra to be harder. For example, hard spectra can arise from the Comptonization of disk photons in a newly-formed corona (Guolo et al. 2024) or in jetted TDEs, which have harder spectra with Γ<2 even at the light-curve peak (Burrows et al. 2011; Saxton et al. 2012; Cenko et al. 2012).
In addition to the peak eROSITA epochs, we also modeled the spectra of all other eROSITA detections with sufficient counts (DET_LIKE>15). For all epochs, we extracted spectra using the eSASS (Brunner et al. 2022) task SRCTOOL (version eSASSusers_211214) with circular source and annular background regions centered on the X-ray positions. A redshifted black-body model, tbabs*zbbody, was used for all fits. Utilizing SRCTOOL's AUTO mode, the radii of the source and background regions were selected taking into account the source counts, the level of the background map model at the source position, the best fitting source extent model radius, and a model of the effective eROSITA PSF at the source position (averaged over the exposure, and summed over all operating telescope modules). The spectra were fit unbinned and using the Bayesian X-ray analysis software (BXA; Buchner et al. 2014), which connects the nested sampling algorithm UltraNest (Buchner 2021) with the fitting environment XSPEC (Arnaud 1996). C-statistic (Cash 1976) was used, and the eROSITA background was modeled using the principal component analysis (PCA) technique described in Simmonds et al. (2018). Each extracted eROSITA spectrum, which contains a contribution from both the source and background emission, was jointly fit using the source and background models. We assumed wide flat priors on the photon index and the logarithm of the normalization. The best fitting parameters are presented in Table A.1.
2.4. Host photometry
In addition to the LS10 values of W1-W2 provided in eRO-ExTra, we explored individual data points in available mid-IR light curves (see Sect. 4.1) to confirm that the pre-TDE value of W1-W2 is less than 0.8 and to exclude possibly missed AGNs varying in the mid-IR. Finally, one source was excluded since its potential optical counterpart is very faint and inconsistent with a canonical TDE host in a low-redshift universe.
3. Final sample of golden TDE candidates
The sample of canonical TDE candidates selected from eRO-ExTra includes 31 sources that 1) have a single-decline or a single-flare eROSITA light curve; 2) have Γ>3 accounting for errors; 3) do not have significant archival X-ray detections at the eROSITA peak level; and 4) have a clear host-galaxy counterpart without known AGN signatures. The sample and its essential X-ray properties from the eRO-ExTra catalog are presented in Table 1.
Table 1. 
Excerpt of X-ray properties of 31 TDE candidates selected from eRO-ExTra catalog.

3.1. Optical counterparts for the TDE sample
Each TDE candidate is associated with an LS10 optical counterpart. In agreement with the reliability criterion (p_any>0.17) used in Grotova et al. (2025), 28 of 31 sources have a reliable counterpart. However, it is important to note that three optical counterparts3 of sources with low p_any<0.17 are still likely genuine, since the optical counterpart position is in agreement with the X-ray position within 3σ. The low p_any indicates that the multiwavelength properties of the counterparts do not entirely match the properties of typical of X-ray emitters. This is not surprising, as no TDEs were included in the training sample used in Salvato et al. (2018). LS10 image cutouts of the host galaxies are shown in Fig. 1, and the counterpart properties are listed in Table 2.
	[image: thumbnail]	Fig. 1. LS10 griz-color images (100×100 pixels) of the host galaxies of the X-ray TDE sample. Black crosses denote the LS10 counterpart positions, and red circles show the eROSITA X-ray positions with their 3σ errors. Images for J1646 and J0847 were only taken in i and g,r bands, respectively. The counterpart of J1421 appears blue, since it was only detected in the g band (see Appendix B).



Table 2. 
LS10 counterparts of TDE candidates with their probabilities (p_any) and redshifts (z).

Spectroscopic redshifts are available for 19 sources from either archival data or a dedicated follow-up program (see the summary provided in Grotova et al. 2025); photo-z (Salvato et al., in prep.) were computed for the remaining sample using LS10 and Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) photometry with CIRCLEZ (Saxena et al. 2024) on LS10 photometry (griz, W1, W2, W3, W4). Figure 2 shows the sample in the redshift-luminosity plane. Overall, the TDE sample spreads over the 0.02<z<0.34 redshift range and luminosities of 5.7×1041<LX<5.3×1044 ergs−1 in the 0.2−6.0 keV rest frame.
	[image: thumbnail]	Fig. 2. Rest-frame luminosity in 0.2–6.0 keV versus redshift. The blue circles denote sources with spectroscopic redshifts and the pink diamonds show those with photometric redshifts. The most luminous source in the sample is J2344.



Several sources from the sample were previously reported in individual papers: 1eRASS J082336.8+042303 (AT2019avd; Malyali et al. 2021), eRASSt J074426.3+291606 (Malyali et al. 2023a), and eRASSt J234403.1-352640 (Homan et al. 2023; Goodwin et al. 2023). The TDE nature of the candidates was also strengthened by the presence of TDE-like emission in optical, mid-IR, and radio bands (more details in Sect. 4). This demonstrates the reliability of the methodology used in the presented selection.
3.2. X-ray properties of the TDE sample
This subsection provides insights into the X-ray properties of the selected TDEs, with a particular focus on light-curve shapes, rise and decay timescales, and spectral evolution. Most sources in the sample do not show significant spectral variability, with their black-body temperature staying consistent within 3σ in all detected epochs (see Table A.1). Therefore, the vast majority of selected TDEs remain X-ray soft throughout the event. Only two candidates, namely J2344 and J0439, show kT evolution with 6σ (from eRASS1 to eRASS2) and 9σ (from eRASS2 to eRASS3), respectively. Whereas J2344 shows even further spectral softening from 80 eV to 40 eV within a year (from eRASS2 to eRASS4), J0439 exhibits a significant temperature increase from 80 eV to 210 eV. The observed spectral hardening might be associated with the formation of a hot corona (e.g., Wevers et al. 2021; Liu et al. 2023), similar to a transition from a soft, disk-dominated state to a hard, corona-dominated state observed in X-ray binary systems with a stellar-mass BH (Wang et al. 2022).
X-ray light curves based on the eRASS4(5) eROSITA all-sky surveys in the soft 0.2–2.3 keV energy band with six-month cadence are provided in Fig. A.1. By selection, all sources in the sample peaked either in eRASS1 (P1) or eRASS2 (P2). The P1 candidates show a decaying light curve, and the P2 candidates have a flare light curve. After the peak, the sources declined monotonically or declined after a 0.5−1 year plateau phase. It is important to note that the peak flux and amplitudes of the events are lower limits only, since the actual peak could happen between eROSITA scans.
The sample contains more P2 sources (23 objects) than P1 sources (8). The bias against the P1 group appeared from the selection criteria of the eRO-ExTra parent catalog; this includes, namely, amplitude (A>4) and significance (S>4) cuts between eRASS1 and eRASS2. Whereas P2 sources were selected based on their rise between eRASS1 and eRASS2, P1 sources were chosen based on their decay between eRASS1 and eRASS2. We find that the rise timescales for the sample (only possible to estimate for P2) is, on average, shorter than the decay timescales. Namely, all P2 sources rise within ≈6 months. However, the decay time for a fraction of TDEs is longer, with 30% of P2 sources decaying at least over 1−1.5 years. To confirm the bias, we tested whether P2 sources would be selected based on their decline amplitude: only nine of 24 sources would be kept after applying the A>4 and S>4 cuts in the decay phase between eRASS2 and eRASS3, which is consistent with the number of P1 sources.
As mentioned before, the estimation of rise, decay, and plateau timescales is limited by the sparsity of the eROSITA light-curve sampling. Therefore, further timescales are only provided to assess general trends; possible variability between eRASSes is thus omitted. For the P2 sources, the rising timescale does not exceed six months (or 1 year if assuming that the peak can also be between eRASS2 and eRASS3). This aligns with the expected rise time for TDEs (Gezari 2021). Three P2 sources show a plateau phase at the peak level lasting ≈0.5−1 year. The majority of sources (21 of 31) decay within half a year, which is in agreement with the TDE light-curve trends from Sazonov et al. (2021). The remaining sources decay over two to three eRASSes (1−1.5 years).
The majority of pre-eROSITA archival X-ray data for the sample provided in the eRO-ExTra catalog4 are not constraining and only include ULs that are either shallower than the brightest eROSITA detection or significantly above eROSITA's detected minimum. There are only constraining measurements for four sources in the sample. An archival UL by XMM-Newton revealed a large amplitude of more than a factor of 50 of the flare in 1eRASS J082336.8+042303, whereas the amplitude between eRASS1 and eRASS2 was of only a factor of six. Deep archival ROSAT ULs of 1eRASS J091657.8+060955 and eRASSU J164649.4-692539 reinforce the archival X-ray quiescence of the candidates. Moreover, in the case of 1eRASS J091657.8+060955, this allowed us to prove the presence of the flare, since eROSITA has only observed the decline phase. In addition, 1eRASS J024049.7-595432 has a constraining XMM-Newton detection. The flux is comparable to the detected eROSITA minimum and can be interpreted as an underlying host emission being consistent with the luminosity expected from star-forming galaxies (Schober et al. 2014). The archival constraints are shown in the light-curve plots in Fig. A.1.
4. Multiwavelength variability
In this section, we describe the optical, mid-IR, and radio properties of the sample.
4.1. Mid-IR variability
Mid-IR flares in TDEs are thought to arise from the reprocession of optical, ultraviolet (UV), and X-ray photons by dust within a few parsecs from the SMBH. They can last for years (Jiang et al. 2016a; Dou et al. 2017; van Velzen et al. 2021b), peak at 3−10 μm, and reach luminosities of 1042−43 ergs−1 (Lu et al. 2016).
To study the mid-IR properties of the eROSITA TDE sample, we used data from WISE during the NEOWISE reactivation mission (NEOWISE-R; Mainzer et al. 2011), which covered the entire sky every six months from Sept 2014 to Aug 2024 in the W1 (3.4 μm) and W2 (4.6 μm) bands. Light curves were extracted using the NASA/IPAC Infrared Science Archive within 5″ of the position of optical counterparts. The photometry was rebinned to one data point per NEOWISE-R all-sky scan using a weighted mean. The W1 and W2 light curves for all sources are shown in Figs. C.1 and C.2.
Approximately 30% of the eROSITA TDE sample shows mid-IR variability. Sources with the significance σW1, max>3 and amplitude ΔW1>0.3 mag are summarized in Table 3. For five of those, we found flares with ΔW1≈0.9−1.5 mag (see Fig. 3). Most mid-IR flares show a fast rise within six months, followed by a slow decay over several years. The exception is J0644, with its brightening lasting about one year and a fading time of approximately six months. The “fast rise and slow decay” trend resembles the one found for the mid-IR selected TDEs and is consistent with dust reprocessing of the intrinsic TDE flare (Masterson et al. 2024).
	[image: thumbnail]	Fig. 3. W1 NEOWISE light curves of five TDE candidates with significant IR flares of more than 0.9 mag. The X-axis is shifted so that x = 0 corresponds to the peak eROSITA detection for each source. The magnitudes are given in the Vega system.



Table 3. 
Properties of prominent mid-IR flares of TDE candidates.

Seven sources with mid-IR flares have well-sampled light curves in both the W1 and W2 bands that can be used to explore the W1-W2 evolution; these can trace the development of temporary accretion-driven activity during the TDE accretion phase. For all seven sources, the mid-IR brightening was accompanied by a significant reddening (see Table 3), with the most significant changes in W1-W2 observed for J0823 (from 0.1 mag to 0.8 mag) and J2108 (from 0.1 mag to 0.7 mag).
4.2. Optical variability
Next, we explored how many sources in our sample of TDEs are accompanied by optical transient emission using data from Gaia (Gaia Collaboration 2016), the Asteroid Terrestrial Impact Last Alert System (ATLAS; Tonry et al. 2018), and the Zwicky Transient Facility (ZTF; Bellm et al. 2019). ZTF host-subtracted light curves in the g band were extracted at the position of the optical counterpart using the ZTF forced photometry service (Masci et al. 2019). We applied a signal-to-noise threshold of S/N>3, scisigpix<10, zpmaginpscirms<0.1 to filter out noisy images (more information on the data quality parameters is provided in the ZTF manual5). Gaia g-band light curves were extracted from the Gaia Alerts web server6. Since the service does not provide host-subtracted light curves, we estimated the flare magnitudes by subtracting the provided pre-flare historical magnitudes of the hosts. ATLAS light curves were obtained from publicly available photometric data in the cyan (420–650 nm) and orange (560–820 nm) filters. They were extracted by forced photometry on the difference images and rebinned to 24 h. To remove epochs of low-quality photometry, we discarded data points with the semi-major axis of the fit PSF model that were greater than three pixels.
Flares with flux amplitudes larger than two were found in the ZTF and Gaia data for six sources (see the summary in Table 4). Their single-band, non-host-subtracted light curves are compiled in Fig. 4, while more detailed plots of host-subtracted light curves are available in Fig. C.3. Detailed discussions of the optical properties of J0744, J0823, and J2344 have already been presented elsewhere (Malyali et al. 2023a, 2021; Homan et al. 2023).
	[image: thumbnail]	Fig. 4. Non-host-subtracted g-band light curves of five TDE candidates showing significant optical flares. The x-axis shows time after eROSITA peak in days, so x = 0 corresponds to the peak eROSITA detection for each source. The summary of observational information is provided in Table C.1. The individual-host-subtracted light curves are showin in Fig. C.3. The optical flare of J0744 is too faint to be distinguished in a non-host-subtracted light curve and is only shown in the host-subtracted plot.



Table 4. 
Properties at peak of optical flares of eROSITA TDE candidates.

The majority of prominent flares discussed above are also clearly detected with ATLAS. Although ATLAS provides coverage for all sources not covered by Gaia or ZTF, the remaining TDE candidates either did not have accompanying optical flares, or ATLAS data are too noisy to identify additional fainter and statistically significant flares. For these sources, we estimated ATLAS ULs for potentially undetected flares using a mean, five-sigma limit magnitude in the orange filter. The UL values are presented in Table C.1 and span from 18.2 to 19.1 mag. The shallow level of ATLAS ULs in comparison to, for example, the ZTF typical limiting magnitude of ≈20.5−21 in the g,r bands, shows a currently existing observational bias against detecting fainter optical transients in the eROSITA_DE sky. Given the variety of the timing of optical and X-ray flares (from around −600 to 0 days; see Fig. 4), all-sky deeper optical surveys would be required to systematically identify optical flares for X-ray-selected TDEs. As an example of an observational bias, the LS10 optical transient J1421 was detected in the g band with 19.21 mag due to the accidentally fortunate timing of LS10 epochs (see Appendix B) and would have been missed had we used an ATLAS UL equal to 18.3 mag. The transient is off-center and is a strong candidate for an off-nucleus TDE (more details in Sect. 5.2).
Finally, we estimated Lopt, peak/Lx, peak at the optical-flare peak time for the quasi-simultaneous X-ray and optical flares (J0439, J0744, J2344). The value ranges in Lopt, peak/LX, peak∈(4−11). This is in the agreement with the Lopt/Lx estimates from Guolo et al. (2024). The upper limits for Lopt, peak/LX, peak were calculated for the remaining sample. The resulting values, ranging between five and 140, are consistent with the expectations. This confirms that although optical flares were not detected for the majority of the sample, this might be due to observational limitations.
4.3. Radio variability
To search for potential radio counterparts, the LS10 positions of the eROSITA TDEs were cross-matched with the Rapid ASKAP Continuum Survey (RACS, McConnell et al. 2020; Duchesne et al. 2023, 2024) source catalog with a radius of 25″. We chose this cross-matching radius as it represents the resolution of the RACS images (the full width at half maximum of the PSF is 25″; McConnell et al. 2020). Four radio counterparts out of the 31 TDE candidates were found. For these four sources, we then searched the CASDA Data Portal for all publicly available RACS observations covering their sky locations. Flux densities in the image plane were derived by fitting an elliptical Gaussian with the size of the synthesized beam. The results are reported in Table 5.
Table 5. 
RACS radio detections of eROSITA TDEs.

Each of the four detected sources has between two and four RACS observations at central observing frequencies of 0.9 GHz or 1.4 GHz, allowing us to probe for any radio variability. The TDE candidates J1646, J2108, and J1305 show indications of radio variability across the RACS observations spanning from 2019–2024. J1646 was already detected at 0.9 GHz 539 d before the eROSITA discovery, suggesting emission from the host unrelated to the TDE. This is consistent with the corresponding luminosity of L9 GHz = 1.7×1028 ergs−1 Hz−1. Variability at 1.4 GHz was detected between 62 and 82 d after the eROSITA peak, in agreement with expectations from a newly launched outflow. J2108 showed constant (within the errors) radio emission before and after the eROSITA peak date at a luminosity of L9 GHz = 5.1×1030 ergs−1 Hz−1. In this case, the radio emission is also very likely unrelated to the X-ray flare. The centroid of the radio source associated with J1305 is 11″away from the optical position of the galaxy the event is associated with, so this radio source may be unrelated to the host galaxy. Due to the resolution of the RACS images and the fact that this radio source falls within one beam of the optical counterpart, higher resolution radio observations are required to determine if this radio source is associated with the optical counterpart. For the fourth source, J0823, only RACS observations in different bands exist. However, we note that Wang et al. (2023) reported the detection of radio variability in this source from the VLA and VLBA interpreted as evidence for a radio-emitting outflow launched by the transient event. The remaining 27 TDE candidates in the sample were undetected by RACS, with typical 3σ upper limits of ≈500–1000 μJy. A detailed analysis of the radio properties of these events, including more sensitive dedicated radio follow-up observations of 22 TDE candidates in this sample, is presented in Goodwin et al. (2025). In addition, a summary of the radio flare properties of J2344 was presented in Goodwin et al. (2023).
5. Host-galaxy properties
5.1. SED modeling
To describe the host galaxy properties of our TDE candidates, we modeled the spectral energy distributions (SEDs) using the photometry provided by LS10. This includes optical photometry in griz bands from DECam and mid-IR photometry W1-4 from NEOWISE. Fluxes were corrected for the Galactic foreground extinction. In addition to the inverse flux variance FLUX_IVAR provided in the LS10 catalog, we introduced systematic uncertainties equal to 0.05 mag for griz filters and 0.2 mag for W1-4 filters (Salvato et al. 2022), which account for factors such as source variability and different extraction radii. The modeling was not performed for J0847, J1646, and J1421 since two or more optical photometry bands are missing.
We applied the same methodology and models as used in several previous systematic TDE studies (Sazonov et al. 2021; van Velzen et al. 2021a; Hammerstein et al. 2023; Yao et al. 2023; Masterson et al. 2024). We fit models from the flexible stellar population synthesis (FSPS) framework (Conroy & Gunn 2010) with the Prospector software (Johnson et al. 2021). We assumed a delayed, exponentially declining star formation history with a Chabrier initial mass function (Chabrier 2003). The model has five free parameters: the galaxy's stellar mass, the age of the stellar population, the e-folding timescale of star formation, metallicity, and dust optical depth, for which we used the extinction law from Calzetti et al. (2000). To derive uncertainties, we applied MCMC sampling using the emcee package (Foreman-Mackey et al. 2013). The MCMC chains were initialized with 100 walkers, starting from the maximum likelihood fit with a burn-in phase of 500 steps per walker and 1000 iterations of the MCMC sampling.
We used MCMC fits to evaluate the host stellar masses and rest frame 0.0u−r colors, where 0.0 denotes the rest-frame values. As in previous studies, we reported a surviving stellar mass obtained by multiplying the total mass by the factor “mfrac” obtained from the model. The surviving mass is defined as a mass that survived throughout the galaxy's evolution, accounting for mass loss due to stellar winds or supernovae. The SED fitting results are shown in Table D.1.
The comparison of the stellar masses and colors of this TDE sample with other X-ray-, optically, or mid-IR-selected TDE samples is shown in Fig. 5. The eROSITA TDE sample shows an overdensity in the green valley, with more than half of the modeled sample (18 of 28 sources) falling in this conservatively defined area. Previous studies also found that X-ray- and optically selected TDE populations are preferentially located in the green valley (e.g., Arcavi et al. 2014; van Velzen et al. 2021a; Sazonov et al. 2021; Yao et al. 2023; Hammerstein et al. 2023). The higher TDE occurrence rate in the green-valley galaxies is considered to be due to the higher concentration of stars scattered into the loss cone because of a recent merger (Prieto et al. 2016; Hammerstein et al. 2021) or a starburst (French et al. 2016; Stone et al. 2018; Stone & van Velzen 2016). However, it was recently shown that higher central stellar concentration increases the rate of strong scattering that may lead to the decrease of the TDE rate scattered into the loss cone (Teboul & Perets 2024). While X-ray- and optically selected TDEs are concentrated in the green valley, the mid-IR TDE population consists of redder and more massive galaxies, which was explained by the selection bias of choosing the brightest IR flares (Masterson et al. 2024). However, X-ray TDEs with mid-IR flares in this work do not follow this trend, with their stellar masses being homogeneously distributed within log(Mgal/Msun)≈9.6−11.
	[image: thumbnail]	Fig. 5. Host-galaxy color versus surviving stellar mass of the eROSITA TDE sample in comparison to other TDE samples selected in X-rays, the optical, and the mid-IR. Gray contours denote a sample of SDSS galaxies within the same redshift range (z<0.34) from Mendel et al. (2014). The green area shows the green valley defined in Yao et al. (2023). The blue circles show the eROSITA TDEs presented in this work with spec-z, and sources with photo-z are shown with blue error bars. The errors for sources with photo-z are calculated accounting for 1σ photo-z errors. The orange and purple diamonds and blue squares denote TDE samples selected in the optical (Yao et al. 2023) and mid-IR (Masterson et al. 2024) and in X-rays (Sazonov et al. 2021), respectively.



We note that the selection of the extinction model influences the stellar mass and color results. Thus, using the extinction law from Prevot et al. (1984), the stellar masses reduce by 50% on average, and 0, 0u−r increases by ≈0.1 mag. This results in a small movement toward the upper left corner of the diagram; however, the qualitative result of an overdensity in the green valley would not be changed. In addition, it is worth pointing out that the training sample used for computing the photo-z via machine learning was tuned for AGNs (Saxena et al. 2024). A direct comparison between the photo-z and the spec-z for the sources with spectroscopic redshifts available suggests that the photo-z tends to be higher than should be, resulting in bluer colors. The increasing sample size with available spectroscopy will allow us to compute photo-z optimized for this type of source in the near future.
We used a scaling relation from Reines & Volonteri (2015) to estimate the BH masses from the host stellar masses, taking into account the 0.5 dex scatter of the relation. The BH mass distribution versus redshift is shown in Fig. 6, ranging from log(MBH/M⊙) = 5.4 to 7.6 with a peak ≈6×106 M⊙. This is below the Hills mass for the 1 M⊙ star and a non-spinning BH (Hills 1975); it is thus consistent with the TDE interpretation. The lack of BHs with masses under 2×105 M⊙ might be due to an increasingly smaller volume in which TDEs can still be detected around low-mass BHs (Wevers et al. 2017), the BH occupation fraction in low-mass galaxies (Stone & Metzger 2016), or inefficient circularization (Dai et al. 2015).
	[image: thumbnail]	Fig. 6. BH mass versus redshift for the eROSITA TDE sample. Gray circles mark sources detected only in X-rays. Orange circles show sources that also had mid-IR flares, while red outlined circles show those that have optical flares. Sources with radio detections are denoted with stars. The dashed black line shows the Hills mass for a solar-type star and a non-spinning SMBH.



It is evident from Fig. 6 that eROSITA TDEs accompanied by mid-IR flares are preferentially located at lower redshifts (z<0.2), with 60% of mid-IR bright sources being below the X-ray luminosity median of the TDE sample (Lmedian = 2.4×1043 ergs−1). This might be associated with the obscuring envelope scenario (see Sect. 6.3), which would make TDEs that are further away less likely to be discovered in X-rays due to obscuration. The lack of sources with mid-IR flares at higher redshifts also comes from the limited sensitivity of WISE. Although optically bright TDEs from the sample are more concentrated in the low BH mass regime, this is likely only related to selection effects (see Sect. 4.2). Indeed, comparing the BH mass distributions of our sample and optically selected samples (Yao et al. 2023; Guolo et al. 2024), we found a very similar mean BH mass supporting the argument that the absence or detection of X-rays is independent of the BH mass.
5.2. J1421: An off-nuclear TDE candidate
No SED modeling was performed for the source J1421. This TDE candidate differs from the rest of the sample as its optical counterpart was detected only as a transient in a single photometric band in two LS10 epochs (see Appendix B for more details). The optical position is located ≈18 arcsec (21 kpc) and ≈24 arcsec (28 kpc) from the centers of two merging galaxies at z = 0.06 (see Fig. B.1). There is no separate underlying quiescent host detected at the position of the transient. An order-of-magnitude estimate of the corresponding BH mass can be obtained from the integrated energy released during the X-ray flare.
Integrating the X-ray flare from eRASS1 to eRASS4 (see Fig. A.1) provides a total energy release (in the X-ray band) of ≈2.5×1050 erg. The emitted energy originates from accretion and can be roughly estimated as
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where Rt is the tidal radius, η is radiative efficiency, and f is the fraction of stellar mass accreted. Thus, solving for the BH mass for a Sun-like star with typical η = 0.1 and f = 0.5, we obtained MBH≈5×104 M⊙. Although the estimated mass may indicate that the X-ray flare could be linked to an off-nuclear TDE around an intermediate-mass black hole (IMBH), this calculation only provides a lower limit on mass. A better sampled X-ray light curve and multiwavelength observations would be required to test this hypothesis to estimate the total energy of the flare and provide better mass constraints.
Recent simulations showed that gravitational recoils or disruption of satellite galaxies caused by recent galaxy mergers could lead to a population of IMBHs out to ≥100 kpc (Untzaga et al. 2024). Such off-nuclear transients may represent promising IMBH TDE candidates in the future.
6. Discussion
6.1. X-ray Luminosity function and TDE occurrence rates
The 31 eROSITA candidates presented here form the largest systematically X-ray-selected sample of TDEs to date. The sample can be used to statistically describe the unobscured thermal population of TDEs with a canonical decaying light curve. We used the classical maximum observable volume (1/Vmax) approach (Schmidt 1968) to estimate the X-ray luminosity function (XLF). The calculation is based on the steps detailed in Grotova et al. (2025), which take into account eROSITA's inhomogeneous sensitivity, the selection criteria of the parent catalog eRO-ExTra, spectral shapes, luminosities, and redshifts of the sources. To calculate the XLF, we summed the derived 1/Vmax values of individual TDEs into seven equally spaced luminosity bins between 5×1041 ergs−1 and 1×1045 ergs−1.
The uncertainty contribution for each spec-z source (i) was estimated as [image: equation]. For sources with large non-Gaussian photo-z errors (j), a more detailed approach was used to account for their LX and Vmax probability distributions. For each photo-z source, we performed Monte Carlo sampling for 100 values of (Vmax)j, which were randomly drafted from the photo-z probability distribution functions. Then, for each bin, we calculated the mean of Σ(1/Vmax)j and its standard deviation STDphoto−z across all Monte Carlo realizations. The uncertainty, [image: equation], takes into account the spec-z and photo-z errors of sources in each bin.
As discussed in Sect. 3.2, the selection is biased against sources peaking in eRASS1 due to the different typical rise and decay timescales and the primary selection cuts in the eRO-ExTra catalog. This results in us potentially missing a significant fraction of sources peaking in eRASS1, which did not decay in six months by a factor of more than four. Therefore, each source in the sample should be carefully weighted to account for this bias. For that, we identified 14 of 23 TDEs peaking in eRASS2, which would not have been selected if the amplitude and significance cuts were applied to the light-curve decay between eRASS2 and eRASS3. To account for this effect, we increased the weight of these 14 sources by a factor of two for the statistical completeness of the XLF. Thus, the final sample includes eight P1 sources with a weight of w = 1, nine P2 sources with w = 1, and 14 P2 sources with w = 2. Accounting for the introduced weights, this results in 45 sources to be found per year.
Since the photo-z of J0847 is unreliable due to two missing bands, we did not use this source in the computation and instead implemented a correction factor of 45/43, as this source has a double weight. In addition, the function was multiplied by a factor of 2.6 to account for the whole sky area, since the sample was selected from the LS10 covered area (76% = 1/1.3; see Grotova et al. 2025) in the eROSITA_DE hemisphere (1/2). Following the approach presented in Sazonov et al. (2021), we introduced an additional factor of three to account for sources missed due to the typical duration of a TDE. Overall, the total correction factor equals 8.16. The final XLF as well as other luminosity functions from Sazonov et al. (2021) and Yao et al. (2023) are presented in Fig. 7.
	[image: thumbnail]	Fig. 7. TDE XLF function in 0.2–6.0 keV. The blue points show the function obtained in this work, and the gray dashed line with the yellow region denotes its best fit with a power law (see Eq. (2)); the blue region with a black dashed line shows the best fit with a double power law (see Eq. (3)). The orange points show the TDE XLF for eROSITA_RU from Sazonov et al. (2021). The solid gray line shows the double power-law fit of a TDE optical luminosity function from Yao et al. (2023).



Fitting the XLF function with a single power law, we obtained:
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where B=(0.18±0.05)×10−7 and β = 1.2±0.08. The XLF function can be also fit with a double power-law function:
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where A=(0.8±0.2)×10−7, α1 = 0.7±0.1, and α2 = 2.3±0.4. Here, we fixed the break luminosity to Lbr = 1×1044 ergs−1. This value corresponds to the Eddington-limiting prediction of an observable change of the XLF (Mummery 2021), consistent with the significant decrease in detected sources with luminosities above this threshold. The value is also similar to the Lbr found in previous studies (e.g., Yao et al. 2023; Guolo et al. 2024). The double power-law significantly improved the fit to the data ([image: equation]) compared to the single power-law fit ([image: equation]).
By integrating the XLF (from Eq. (3)) over the luminosity range of 5×1041<LX<1×1045 ergs−1, we estimated the average TDE volumetric rate to be [image: equation]. Using an estimation of the total galaxy volume density of ≈2×10−2 Mpc−3 (Bell et al. 2003), the TDE rate per year and per galaxy equals ≈1.2×10−5 yr−1galaxy−1.
Pre-eROSITA X-ray TDE rates were derived from ROSAT and XMM-Newton observations (see Table 6). The first XLF based on eROSITA was presented in Sazonov et al. (2021) using 13 sources from eROSITA_RU. This sample included eRASS2 sources out to z<0.6 with an amplitude larger than ten and without AGN signatures, and covered the brighter end of the luminosity function (LX = 1042.5−1045 ergs−1). Since we applied a lower amplitude cut in our approach, our XLF spans a lower range of luminosities down to 5×1041 erg s−1 and allowed us to probe the fainter end of the TDE population. Whereas both functions are consistent in the mid-luminosity regime (≈1043 erg s−1), the slopes clearly diverge at higher luminosities. The discrepancy is due to different selection criteria used in defining the samples. The TDE sample used in this work contains purely canonical TDEs with decaying or flaring light curves, whereas TDEs in Sazonov et al. (2021) include also sources (≈30%) brightening at later eRASSes. The exclusion of these sources from the latter sample makes the resulting function less steep and comparable with our XLF. Also selecting sources with amplitude larger than ten may contribute to the discovery of a flatter slope. The TDE rate of (2.1±0.1)×10−7 Mpc−3year−1 presented in Sazonov et al. (2021) is comparable with the one in this paper.
Table 6. 
Comparison of computed TDE rates.

The slopes of our XLF broken double power-law fit are consistent with those obtained for optically selected TDE samples. In the X-ray sample of optically selected TDEs, Guolo et al. (2024) found [image: equation] and [image: equation], which agree with values presented in this study within the error bars. The slope values derived for the optical TDE luminosity function from Yao et al. (2023) – [image: equation] and [image: equation] – also align with our results. In addition, the single power-law fit of TDE XLF reproduced using the first-principles relativistic disk theoretical approach in Mummery & van Velzen (2024) corroborates our findings. There, the inferred XLF is scaled with luminosity as [image: equation], which is very similar to the results obtained in our single power-law fit.
The normalization of our eROSITA TDE XLF is about a factor of ten lower (see Fig. 7) than that of optical TDEs from Yao et al. (2023). Here, it is important to note that the X-axes are different for both functions, and, therefore, they cannot be directly compared. We note that re-normalization of the two functions is challenging: it was demonstrated that for different TDE candidates, the difference between optical/UV and X-ray luminosities can lay within a very broad range of values with LBB/LX∈(0.5, 3000) at early times and LBB/LX∈(0.5, 10) at late times (Guolo et al. 2024). This results in the optical TDE rate being slightly higher than the X-ray rate. The similar rate difference was also found in previous X-ray studies (see Table 6). The possible reasons for lower X-ray rates compared to the theoretical estimates and the lack of a fainter TDE population might be 1) the fact that we did not include all possible X-ray TDE types in our canonical sample (see Sect. 6.4); 2) the lack of some X-ray TDEs due to obscuration or geometry effects (see Sect. 6.3); 3) observational constraints of current X-ray all-sky surveys, which lead to the non-detection of fainter events; or 4) the fact that the primary selection criteria of the eRO-ExTra catalog did not pick up events with A<4. These factors should be explored in the future to confirm if optically and X-ray-selected populations of TDEs are indeed drawn from the same BH mass distribution (Mummery & van Velzen 2024).
6.2. Multiwavelength flares of TDE candidates
The presented TDE sample showed a wide variety of multiwavelength behaviors in the X-ray, optical, mid-IR, and radio bands. The diversity spans from TDE candidates detected only in X-rays to sources emitting in all four bands. The summary of the TDE multiwavelength flares is provided in Table 7, and the multiwavelength light curves are shown in Appendix C.
Table 7. 
Peak times for TDE candidates showing multiwavelength flares.

Mid-IR flares were detected both before and around the time of the X-ray peak. For example, in J0644 and J2108, mid-IR flares were found ≈1500 and ≈1000 d before the X-ray detection. Also, in J0823, the mid-IR emission developed more than a year before the X-ray flare, consistent with the early optical peak. A detailed analysis of the multiwavelength properties of J0823 is provided in Malyali et al. (2021). J0439-65 and J2344-35 (more details in Homan et al. 2023) peaked in the X-rays and mid-IR around the same time. However, the precise timing could not be constrained, given the sparsity of the eROSITA and NEOWISE data. Similarly, optical outbursts came noticeably earlier (e.g., J0318, J1102) or quasi-simultaneously (e.g., J0439) compared to X-ray peaks. Further discussion on the origin of mid-IR and optical flares in connection to X-ray flares is provided in Sect. 6.3.
6.3. Driving mechanisms of multiwavelength emission
The order of the multiwavelength flares, their realtive time lag or the total absence of observational features in certain bands have made it challenging to distinguish or unify X-ray, optical, and IR TDEs. Currently, two leading models are used explain the observed multiwavelength TDE scenarios.
Firstly, the obscuration model states that a newly formed TDE accretion disk is surrounded by an optically thick envelope formed from stellar debris. The envelope can reprocess soft X-rays from accretion onto the BH and produce optical and IR emission (Roth et al. 2016; Dai et al. 2018). Particularly, the reprocessing layer can appear from winds from the accretion disk (Strubbe & Quataert 2009; Lodato & Rossi 2010; Miller 2015) or stellar debris remaining in the vicinity of the black hole (Loeb & Ulmer 1997; Guillochon et al. 2014; Metzger & Stone 2016). For X-ray fluxes high enough to sufficiently ionize the surrounding envelopes, the intrinsic X-ray emission can be observed simultaneously with the optical emission. This pattern was seen in sources J2344, and J0439, where the X-ray and optical flares occured quasi-simultaneously within the observationally available cadence. On the other hand, a critically low intrinsic X-ray flux may lead X-rays to be completely absorbed. Indeed, numerous studies have identified optical TDEs without any X-ray signatures (e.g., van Velzen et al. 2020). Scenarios between these two extremes (due to lack of X-ray emission or envelope thickness) may lead to delayed X-ray flares, for example, as we saw in sources J1102 and J0318. Similarly, the mid-IR flares may precede X-ray flares due to dust reprocessing in the galaxy center.
The geometry of the surrounding envelope may also impact the observable properties of TDEs (Guillochon et al. 2014; Dai et al. 2018; Parkinson et al. 2022). Depending on the viewing angle and the thickness of the obscuring material, we may either directly see the X-ray emission from the galactic center, or have a partially or fully obstructed view, looking perpendicularly through the envelope. Several factors, for example, critical absorption or orientation of the surrounding envelope, can lead to extreme cases of X-ray non-detections. Whereas we still would detect TDE candidates in optical or IR bands, where the emission originates from reprocessing, this observational restriction can lead to underestimating TDE rates in X-rays.
Alternatively, TDEs can be described by the stream-stream collision model (Piran et al. 2015; Jiang et al. 2016b; Svirski et al. 2017). In this scenario, the optical and X-ray photons originate in different locations. While X-rays appear in the case of efficient circularization of stellar debris and accretion onto the BH, optical emission can be produced earlier by shocks of stellar debris streams at larger distances. The effect can be even more prominent in the presence of magnetic stresses acting on the streams and strengthening self-crossing shocks (Bonnerot et al. 2017). The stream-stream collision model describes TDEs with optical flares significantly preceding X-ray emission as well as the obscuring envelope model, by explaining delayed X-ray flares with inefficient circularization of the debris (Gezari et al. 2017; Liu et al. 2022). Some TDE candidates are better described with a stream-stream collision model. In particular, in the case of the multipeak optical light curve of J0823, the first peak was explained by a stream self-intersection, and the second peak was described by an accretion disk formation (Malyali et al. 2021; Chen et al. 2022).
In the presented sample, only a fraction X-ray TDEs was detected in either mid-IR (≈30%), optical (≈20%), or both (≈10%). The fractions should be considered only as lower limits due to significant observational constraints (see Sect. 4.2). For comparison, similar fractions were reported in the mid-IR population study by Masterson et al. (2024) with ≈30% sources detected in X-rays, and an optical population study by Guolo et al. (2024), in which ≈40% of optically selected TDEs were detected in X-rays. While these fractions are wrought with uncertainties from differences in multiwavelength observing strategies, they can help elucidate the geometry and physics of the underlying accretion flow.
6.4. Non-canonical X-ray TDEs to be found
Whereas this work focused on the selection of canonical TDEs (with a soft spectrum, a single decline light curve, and a non-AGN quiescent host galaxy), future studies will explore more complex scnearios, for example, using the eRO-ExTra catalog or other surveys. Considering the non-canonical population will surely impact the rate and XLF prediction and help with the understanding of the unified picture of TDEs.
Firstly, recent discoveries (e.g. RX J133157.6-324319.7 Malyali et al. 2023b; AT2018fyk Wevers et al. 2023; eRASSt J045650.3-203750 Liu et al. 2023, 2024) have shown that X-ray TDEs can be repeating and pTDEs, where a star loses only a fraction of its mass during its initial encounter with the BH and survives, undergoing subsequent cycles of disruption during next orbital passes. The expected impact on the X-ray TDE rate is strengthened by the fact that the pTDE rate is predicted to be higher or comparable to full TDEs (e.g., Bortolas et al. 2023) since their encounter cross-sections are larger. The eRO-ExTra catalog contains potential pTDE candidates: 13 sources with a light-curve class other and one source with a brightening light curve have soft spectra at peak with Γ>3.
Secondly, the selection against sources with hard spectra may lead to missing some TDEs. For example, the accretion onto the SMBH during a TDE can lead to the formation of a corona (Guolo et al. 2024; Liu et al. 2023) while the TDE is still X-ray bright. Due to the time sampling of eROSITA observations (one visit every six months), such events may only be detected in the phase when the source is X-ray hard. Other TDE subclasses such as jetted TDEs (Burrows et al. 2011; Saxton et al. 2012; Cenko et al. 2012) were also found to have X-ray spectra at a peak with Γ<2. In addition, intrinsically absorbed sources may also appear harder when being modeled with a simple power law. Similarly, a few of the 146 eRO-ExTra sources with a harder spectrum and a flaring or a decline in light curves might be missed TDE candidates. Due to factors such as sparse eROSITA coverage and unknown or low-luminosity AGN contamination, it is challenging to perform a systematic selection of a clean sample of non-canonical TDEs from eRO-ExTra. However, additional multiwavelength follow-up may help confirm the TDE origin of individual events.
Finally, TDEs are expected to occur not only in quiescent galaxies, but also in AGNs at higher rates (Karas & Šubr 2007). However, it is challenging to identify a TDE in an AGN due to its low-contrast emission in comparison with the bright accretion disc and long-lived AGN variability caused by instabilities in the accretion flow (Komossa 2015). Several X-ray and UV outbursts in AGNs were considered TDE candidates (e.g., Ricci et al. 2020).
7. Summary
We present the sample of TDE candidates discovered in the eROSITA_DE during its first and second all-sky surveys (Dec 2019 – Dec 2020). This is the largest systematically X-ray-selected sample of TDEs to date, which includes 31 TDE candidates. The sources were selected from the catalog of extragalactic non-AGN X-ray transients and variables eRO-ExTra (Grotova et al. 2025), out to z<0.34, with a single decline or a flare X-ray light curve, a soft X-ray spectrum with Γ>3, and no known long-term variability or AGN association. The sample includes 30 canonical TDEs and one off-nuclear TDE candidate. All sources remained X-ray soft throughout the evolution, except for J0439, of which the spectral hardening might be associated with the formation of the hot corona.
We computed TDE XLF, which is best fit with a double power law with a luminosity break at 1044 ergs−1, in agreement with the Eddington-limiting prediction. Thus, we inferred the TDE rate of ≈1.2×10−5 yr−1galaxy−1. This is comparable with the prediction for the previous eROSITA X-ray TDE sample by Sazonov et al. (2021) and slightly lower than the optical rate from Yao et al. (2023). The presented rate of X-ray-selected canonical TDEs does not consider missed events due to obscuration or geometry effects or nonstandard behavior (e.g. repeated or pTDEs). The SED modeling of host galaxies revealed an overdensity in the green valley, as was found in previous TDE studies. The BH masses of the canonical TDEs in the sample span from log(MBH/M⊙) = 5.4 to 7.6.
A fraction of TDEs in the sample showed multiwavelength variability in the optical (20%), mid-IR (30%), and radio (15%) bands, with optical and mid-IR outbursts either preceding or being quasi-simultaneous with the X-ray peak. We discuss the origin of multiwavelength flares in the context of the obscuring envelope model and the stream-stream collision model. Both scenarios can be used equally well to describe the observational data.
The exploration of TDEs with eROSITA should be continued to include events discovered in eRASS3–eRASS5. Furthermore, future studies should include non-canonical TDEs (e.g., from the eRO-ExTra catalog), which will improve the estimation of XLF and TDE rates and shed more light on our understanding of the TDE host population and multiwavelength properties. The methodology of the TDE identification presented in this work may also be applied in new X-ray surveys such as the Einstein Probe, which is expected to detect from several tens to hundreds of events per year (Yuan et al. 2016, 2022).
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2 https://www.legacysurvey.org/dr10/


3 See Appendix B for more details on the optical counterpart of J1421.


4 No data are available for J0744+29: the archival X-ray detection belongs to the bright galaxy nearby, while the real host is an X-ray quiet dwarf galaxy (Malyali et al. 2023a).


5 https://irsa.ipac.caltech.edu/data/ZTF/docs/forcedphot.pdf


6 http://gsaweb.ast.cam.ac.uk/alerts/home


7 https://www.legacysurvey.org/viewer/exposures/?ra = 215.4154&dec=-29.8895&layer=ls-dr10
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Appendix A:  X-ray properties of the TDE sample
The eROSITA spectral modeling results for eRASS1-4(5) are provided in Table A.1. The eROSITA eRASS1-4(5) lightcurves are shown in Fig. A.1.
	[image: thumbnail]	Fig. A.1. eRASS1-4(5) eROSITA X-ray light curves for the TDE sample in 0.2-2.3 keV. The red dashed and solid lines denote archival ULs and detections, respectively.



Table A.1. 
Spectral modeling results of TDE candidates for eRASS1-eRASS5 in keV.


Appendix B:  J1421 - an optical transient in LS10
In the LS10 scanning strategy, each sky area is not observed simultaneously in griz optical bands but rather is covered at different times. In cases of drastic variability, such as the appearance of a new source, images taken at different bands can be used to identify transients. The inspection of the LS10 images revealed that the optical counterpart was detected only in the g band and only in two consecutive epochs in 2019 (MJD 58643.14 and 58643.16, see Fig. B.1). It was not detected in any other bands or epochs between 2015 and 20217. The optical emission of 19.21 mag appeared at least 14 months before the eROSITA peak (MJD 59064) in eRASS2 and has faded to a non-detection during the X-ray decline phase, which was confirmed by a total absence of the source during a follow-up observation with NTT in March 2021.
	[image: thumbnail]	Fig. B.1. LS10 images of the optical transient at the location of J1421. Top: the detection of the transient in g band in 2019 (MJD 58643). The distances from the centers of two merging galaxies at z = 0.06 are ≈18 arcsec (21 kpc) and ≈24 arcsec (28 kpc), respectively. Bottom: the non-detection of the source in g band in 2017 (MJD 57850).



The source is likely extragalactic and physically associated with a pair of nearby merging galaxies. At their common redshift of z = 0.06, the distance between the center of the closest galaxy and the g-band source is only ≈20 kpc. The luminosity (LX≈1.4×1043ergs−1), soft X-ray spectrum (kT≈170eV), and flaring light curve would be consistent with an off-nuclear TDE. As the optical flare was detected approximately one year before the X-ray peak, this would require the X-ray emission to either be from a repeating event or a delayed late-time response. Other non-TDE extragalactic origins cannot be excluded. However, we point out that soft X-ray spectra would be atypical for standard AGNs and/or fast blue optical transients (e.g., Bright et al. 2022). The long duration of the X-ray event (J1421 was detected in all five eRASSes) and much earlier optical detection make a Galactic stellar flare origin very unlikely.
This example shows how our view of optical and X-ray TDE candidates depends on the scanning strategy, sensitivity of the instruments and precise timing of observations. If the LS10 observation coincidentally was not taken during the optical brightening phase, the source would be classified as X-ray bright only. Moreover, there would be no evidence to assume that the source is not nuclear.

Appendix C:  Multiwavelength flares of TDEs
This section presents additional mid-IR and optical properties and light curves for the TDE sample. The mid-IR non-host-subtracted NEOWISE light curves for all 31 TDEs are shown in Fig. C.1 and C.2. To filter the reliable W1, W2 data points we applied quality indicator factor qi_fact>0.9. The optical host-subtracted light curves for sources showing a significant flare (see Table 4) are shown in Fig. C.3. The summary of used optical data and calculated ATLAS ULs is presented in Table C.1.
	[image: thumbnail]	Fig. C.1. NEOWISE W1 and W2 light curves, binned in ten-day intervals, for the TDE sample. Purple circles denote W1 data points, and blue squares show W2 data points.



	[image: thumbnail]	Fig. C.2. The same figure as Fig. C.1.



	[image: thumbnail]	Fig. C.3. Host-subtracted light curves of optical flares of six sources from the TDE sample in g band. Gray triangles denote upper limits in ZTF light curves. Gray dashed lines show the Gaia detection limit of 20.7 mag (Hodgkin et al. 2021).



Table C.1. 
Optical magnitudes at peak for the TDE sample.


Appendix D:  SED modeling
This section presents SED modeling results in Table D.1.
Table D.1. 
SED modeling results for 28 sources from eROSITA TDE sample.
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All Figures
	[image: thumbnail]	Fig. 1. LS10 griz-color images (100×100 pixels) of the host galaxies of the X-ray TDE sample. Black crosses denote the LS10 counterpart positions, and red circles show the eROSITA X-ray positions with their 3σ errors. Images for J1646 and J0847 were only taken in i and g,r bands, respectively. The counterpart of J1421 appears blue, since it was only detected in the g band (see Appendix B).
In the text



	[image: thumbnail]	Fig. 2. Rest-frame luminosity in 0.2–6.0 keV versus redshift. The blue circles denote sources with spectroscopic redshifts and the pink diamonds show those with photometric redshifts. The most luminous source in the sample is J2344.
In the text



	[image: thumbnail]	Fig. 3. W1 NEOWISE light curves of five TDE candidates with significant IR flares of more than 0.9 mag. The X-axis is shifted so that x = 0 corresponds to the peak eROSITA detection for each source. The magnitudes are given in the Vega system.
In the text



	[image: thumbnail]	Fig. 4. Non-host-subtracted g-band light curves of five TDE candidates showing significant optical flares. The x-axis shows time after eROSITA peak in days, so x = 0 corresponds to the peak eROSITA detection for each source. The summary of observational information is provided in Table C.1. The individual-host-subtracted light curves are showin in Fig. C.3. The optical flare of J0744 is too faint to be distinguished in a non-host-subtracted light curve and is only shown in the host-subtracted plot.
In the text



	[image: thumbnail]	Fig. 5. Host-galaxy color versus surviving stellar mass of the eROSITA TDE sample in comparison to other TDE samples selected in X-rays, the optical, and the mid-IR. Gray contours denote a sample of SDSS galaxies within the same redshift range (z<0.34) from Mendel et al. (2014). The green area shows the green valley defined in Yao et al. (2023). The blue circles show the eROSITA TDEs presented in this work with spec-z, and sources with photo-z are shown with blue error bars. The errors for sources with photo-z are calculated accounting for 1σ photo-z errors. The orange and purple diamonds and blue squares denote TDE samples selected in the optical (Yao et al. 2023) and mid-IR (Masterson et al. 2024) and in X-rays (Sazonov et al. 2021), respectively.
In the text



	[image: thumbnail]	Fig. 6. BH mass versus redshift for the eROSITA TDE sample. Gray circles mark sources detected only in X-rays. Orange circles show sources that also had mid-IR flares, while red outlined circles show those that have optical flares. Sources with radio detections are denoted with stars. The dashed black line shows the Hills mass for a solar-type star and a non-spinning SMBH.
In the text



	[image: thumbnail]	Fig. 7. TDE XLF function in 0.2–6.0 keV. The blue points show the function obtained in this work, and the gray dashed line with the yellow region denotes its best fit with a power law (see Eq. (2)); the blue region with a black dashed line shows the best fit with a double power law (see Eq. (3)). The orange points show the TDE XLF for eROSITA_RU from Sazonov et al. (2021). The solid gray line shows the double power-law fit of a TDE optical luminosity function from Yao et al. (2023).
In the text



	[image: thumbnail]	Fig. A.1. eRASS1-4(5) eROSITA X-ray light curves for the TDE sample in 0.2-2.3 keV. The red dashed and solid lines denote archival ULs and detections, respectively.
In the text



	[image: thumbnail]	Fig. B.1. LS10 images of the optical transient at the location of J1421. Top: the detection of the transient in g band in 2019 (MJD 58643). The distances from the centers of two merging galaxies at z = 0.06 are ≈18 arcsec (21 kpc) and ≈24 arcsec (28 kpc), respectively. Bottom: the non-detection of the source in g band in 2017 (MJD 57850).
In the text



	[image: thumbnail]	Fig. C.1. NEOWISE W1 and W2 light curves, binned in ten-day intervals, for the TDE sample. Purple circles denote W1 data points, and blue squares show W2 data points.
In the text



	[image: thumbnail]	Fig. C.2. The same figure as Fig. C.1.
In the text



	[image: thumbnail]	Fig. C.3. Host-subtracted light curves of optical flares of six sources from the TDE sample in g band. Gray triangles denote upper limits in ZTF light curves. Gray dashed lines show the Gaia detection limit of 20.7 mag (Hodgkin et al. 2021).
In the text
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        TDE XLF function in 0.2–6.0 keV. The blue points show the function obtained in this work, and the gray dashed line with the yellow region denotes its best fit with a power law (see Eq. (2)); the blue region with a black dashed line shows the best fit with a double power law (see Eq. (3)). The orange points show the TDE XLF for eROSITA_RU from Sazonov et al. (2021). The solid gray line shows the double power-law fit of a TDE optical luminosity function from Yao et al. (2023).

      

    

  
    
      Fig. C.1. 
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        NEOWISE W1 and W2 light curves, binned in ten-day intervals, for the TDE sample. Purple circles denote W1 data points, and blue squares show W2 data points.

      

    

  
    
      Fig. C.2. 

      
        [image: thumbnail]
      

      
        The same figure as Fig. C.1.

      

    

  
    
      Table D.1. 

      SED modeling results for 28 sources from eROSITA TDE sample.

      
        

	Name
	Mass
	mfrac
	0, 0u−r



	
	×1010M⊙
	
	[mag]





	J0240-59
	[image: equation]
	0.62
	[image: equation]



	J0340-38
	[image: equation]
	0.66
	[image: equation]



	J0341-45
	[image: equation]
	0.67
	[image: equation]



	J0615-44
	[image: equation]
	0.62
	[image: equation]



	J0707-84
	[image: equation]
	0.61
	[image: equation]



	J1102-05
	[image: equation]
	0.64
	[image: equation]



	J1305+01
	[image: equation]
	0.61
	[image: equation]



	J1730-85
	[image: equation]
	0.63
	[image: equation]



	J0114-59
	[image: equation]
	0.61
	[image: equation]



	J0141-44
	[image: equation]
	0.6
	[image: equation]



	J0318-20
	[image: equation]
	0.61
	[image: equation]



	J0439-65
	[image: equation]
	0.64
	[image: equation]



	J0608-43
	[image: equation]
	0.64
	[image: equation]



	J0634-71
	[image: equation]
	0.62
	[image: equation]



	J0644-60
	[image: equation]
	0.61
	[image: equation]



	J0744+29
	[image: equation]
	0.62
	[image: equation]



	J0820+19
	[image: equation]
	0.61
	[image: equation]



	J0823+04
	[image: equation]
	0.62
	[image: equation]



	J0916+06
	[image: equation]
	0.57
	[image: equation]



	J1401+08
	[image: equation]
	0.63
	[image: equation]



	J1436-17
	[image: equation]
	0.61
	[image: equation]



	J1456-28
	[image: equation]
	0.61
	[image: equation]



	J1459-26
	[image: equation]
	0.6
	[image: equation]



	J1534-09
	[image: equation]
	0.61
	[image: equation]



	J1901-55
	[image: equation]
	0.61
	[image: equation]



	J1921-50
	[image: equation]
	0.62
	[image: equation]



	J2108-56
	[image: equation]
	0.6
	[image: equation]



	J2344-35
	[image: equation]
	0.65
	[image: equation]





      

      
Notes. The mass column lists host stellar masses. The surviving mass, used in this work, was obtained by multiplying the total mass by the coefficient mfrac. The 0, 0u−r represents the rest frame colors.
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