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Abstract

We investigate the presence and spatial characteristics of the jet base emission in M87* at 230 GHz, enabled by the significantly enhanced (u,v) coverage in the 2021 Event Horizon Telescope (EHT) observations. The integration of the 12−m Kitt Peak Telescope (USA) and NOEMA (France) stations into the array introduces two critical intermediate-length baselines to SMT (USA) and IRAM 30−m (Spain), providing sensitivity to emission structures at spatial scales of ∼250 μas and ∼2500 μas (∼ 0.02 pc and ∼ 0.02 pc). Without these new baselines, previous EHT observations of the source in 2017 and 2018 lacked the capability to constrain emission on large scales, where a “missing flux” of order ∼1 Jy is expected to reside. To probe these scales, we analyzed closure phases–robust against station-based gain calibration errors–and model the jet base emission using a simple Gaussian component offset from the compact ring emission at spatial separations > 100 μas. Our analysis revealed a Gaussian feature centered at (ΔRA ≈ 320 μas, ΔDec. ≈ 60 μ as), projected separation of ≈ 5500 AU, with an estimated flux density of only ∼60 mJy, implying that most of the missing flux identified in previous EHT studies had to originate from different, larger scales. Brighter emission at the relevant spatial scales is firmly ruled out, and the data do not favor more complex models. This component aligns with the inferred position of the large-scale jet and is therefore physically consistent with the emission of the jet base. While our findings point to detectable jet base emission at 230 GHz, the limited coverage provided by only two intermediate baselines limits our ability to robustly reconstruct its morphology. Consequently, we treated the recovered Gaussian as an upper limit on the jet base flux density. Future EHT observations with expanded intermediate baseline coverage will be essential to constrain the structure and nature of this component with higher precision.

Key words: accretion, accretion disks / black hole physics / gravitation / relativistic processes / galaxies: individual: M 87* / galaxies: jets


★★ NASA Hubble Fellowship Program, Einstein Fellow.

† Deceased.



1. Introduction
The giant elliptical galaxy Messier 87 (M87) serves as a cornerstone for understanding active galactic nuclei (AGNe), primarily due to its prominent relativistic jet powered by a supermassive black hole (SMBH) M87* at its center. This large-scale jet is visible across the electromagnetic spectrum, including the infrared (Röder et al. 2025), optical (Perlman et al. 2011), X-ray (Marshall et al. 2002), and gamma-ray regime (Abramowski et al. 2012). In the radio regime, the jet in M87 and its dynamics have been monitored at multiple wavelengths and spatial scales (e.g. Walker et al. 2018; Lister et al. 2018; Kim et al. 2018, 2023; Cui et al. 2023; Lu et al. 2023). At milli-arcsecond scales, the jet displays hints of triple-peaked helical dynamics (Asada et al. 2016; Hada 2017; Nikonov et al. 2023), likely connected to precession (Cui et al. 2023). The envelope of the jet limb shows a quasi-parabolic profile over a wide range of spatial scales (Asada & Nakamura 2012; Hada et al. 2013; Nakamura & Asada 2013; Nakamura et al. 2018; Walker et al. 2018; Lister et al. 2018), which appears to persist down to just a few gravitational radii, as observed in the very long baseline interferometry (VLBI) observations from the Global Millimetre VLBI Array (GMVA) (Kim et al. 2018; Lu et al. 2023; Kim et al. 2025) and space VLBI (Kim et al. 2023).
The Event Horizon Telescope (EHT) captured the first resolved image of the M87 nucleus at event horizon scales (EHTC 2019a,b,c,d,e; Akiyama 2019f), revealing a ring with a central brightness depression interpreted as the shadow of the SMBH. Subsequent EHT studies examined this feature in linearly and circularly polarized light (EHTC 2021a,b, 2023) and found the ring to be persistent between 2017 and 2018 (EHTC 2024b). Wielgus et al. (2020) used model-fitting on proto-EHT data at 230 GHz to study the ring evolution in the years prior to the first resolved images.
A recent polarimetric analysis of EHT data spanning three epochs – 2017, 2018, and 2021 – studied the dynamics across years of M87* (EHTC 2025). It was found that the ring stays remarkably stable in total intensity (i.e., the ring diameter and thickness), with varying brightness asymmetry over the years; but the linear polarization fractions and polarization patterns vary drastically between the years. Although the milliarcsecond-scale jet has been studied extensively over the years (Walker et al. 2018; Cui et al. 2023), its direct connection to the jet base and the inner accretion flow is not well constrained (e.g., Hada et al. 2024). A major step forward was made through 86 GHz GMVA imaging (Lu et al. 2023), which revealed a ring-like structure with northern and southern components linking to a collimated, edge-brightened jet base. However, a central ridgeline present in the images may be an artifact from the deconvolution procedure (Kim et al. 2025). In this work, we aim to build on these findings and constrain the resolved, extended emission associated with the jet base at 230 GHz using the 2021 EHT observations.
In general, interferometric observations can only constrain spatial scales corresponding to baseline lengths present in a given array (e.g., Thompson et al. 2017). Very long baselines (thousands of kilometers) resolve the finest angular scales, such as the ∼40 μas ring. So-called trivial intra-site baselines (a few hundred meters) are sensitive to arcsecond-scale structure but provide no resolution near the black hole (Georgiev et al. 2025). Intermediate-length or short baselines (a few hundred to a few thousand kilometers) probe angular scales of hundreds to thousands of microarcseconds, making them particularly important for studying the connection between the accretion flow and the jet base.
While the presence of the large-scale jet at 230 GHz is evident in Atacama Large Millimeter/submillimeter Array (ALMA) observations (Goddi et al. 2021), detecting and imaging this emission with VLBI at 230 GHz is challenging for 2017 and 2018 EHT datasets lacking short or intermediate length baselines. This challenge results in a missing flux–flux density on the order of ∼1.0 − 1.4 Jy detected on trivial baselines from co-located stations (ALMA/APEX, JCMT/SMA) – that compact ring-only models (flux density ∼0.5 − 1.0 Jy depending on the imaging approach) cannot fully explain (EHTC 2019d, 2024b). Although a robust detection was impossible due to the lack of short and intermediate length baselines, some hints of extended emission, particularly to the southwest of the ring, in the pre-2021 EHT data were reported in Broderick et al. (2022) and EHTC (2024b) and through independent inspections of the residual maps in Carilli & Thyagarajan (2022) and Arras et al. (2022).
The EHTC’s data analysis methodology applied various tools to deal with the missing flux issue, validated across datasets (EHTC 2019d, 2024b, 2025). All methods have been explicitly validated using synthetic data generated with the 2021 coverage1, in order to assess any potential systematic biases in the reconstructions. We refer to the synthetic data tests in EHTC (2025) for more details.
The regularized maximum likelihood (RML) methods typically deal with the missing flux problem by rescaling the flux density at intra-site baseline spacings. DoG-HIT attempts to recover the image from closure quantities only (in arbitrary units) and scales the whole image structure globally to a flux density that minimizes the χ2 of the amplitudes. CLEAN methods add a large-scale Gaussian to account for the missing large-scale flux density. Comrade and THEMIS apply similar strategies, but typically with more degrees of freedom for the large-scale component. The Hybrid-THEMIS framework (Broderick et al. 2020b) incorporates the model-fitting of a narrow ring, allowing more emission to be placed as jet base emission (Broderick et al. 2022).
The 2021 EHT observations offer the best (u, v)-coverage to date, providing a new opportunity to detect the faint, extended emission associated with the jet. In particular, this is aided by the addition of two new stations; the NOrthern Extended Millimeter Array (NOEMA) in France and the Kitt Peak 12-m telescope (KP) in the USA. These stations add intermediate baselines of ∼1100 km and ∼100 km to the IRAM 30-m telescope on Pico Veleta (PV) in Spain and the Submillimeter Telescope (SMT) in the USA, respectively. The corresponding angular scales of these two baseline pairs are ∼250 μas and ∼2500 μas, i.e., these baselines are in principle sensitive to extended emission that could not be detected by the EHT in previous years. However, each baseline only probes a narrow range of spatial frequencies. Due to the limited number of baselines sensitive to intermediate angular scales, the (u,v) coverage is too sparse to directly image the faint, extended structure. It would require several intermediate baselines with resolving power of a few hundred  μas to robustly image the jet base region.
As a consequence, much like in the case of other very sparse VLBI data sets (e.g., Wielgus et al. 2020), we resort to a geometric model-fitting approach to constrain the presence of extended emission in the 2021 EHT data. For this purpose, we used closure phases, which are the sum of the visibility phases on a closed loop of three baselines (a triangle). This quantity is powerful because it is immune to station-dependent atmospheric and instrumental phase errors, making it a robust observable in VLBI (Thompson et al. 2017; Blackburn et al. 2020). Therefore, we use closure triangles of the baselines of interest, formed with the most sensitive station in the array, ALMA. On the relatively short baselines that make up these triangles, the compact ≈40 μas ring is only marginally resolved. While these baselines individually have limited resolving power for such small-scale structures, closure phases remain sensitive to asymmetries in the overall brightness distribution. For a point source or a symmetric ring, the closure phases on these triangles are expected to be zero. However, when we compare the observed closure phases with those predicted by image reconstructions, we find non-zero residuals. This indicates that the observed phase structure cannot be fully explained by the ring alone – even when intrinsic asymmetries in the ring are included – and instead points to the presence of additional, extended and asymmetric emission on angular scales probed by the intermediate baselines.
To test this interpretation, we model the extended emission using an offset Gaussian component in addition to the compact ring. Varying the position of the Gaussian component, we found that the most plausible location for this excess emission is to the South-West of the ring (i.e., the direction of the large-scale jet), consistent with the conclusions reached by, for e.g., Broderick et al. (2022).
The analysis presented in this manuscript builds on the success of previous EHT studies, explicitly fitting a large-scale component, and does not question the validity of the recovered compact-scale images. As a complement to the compact-scale studies, we present a deeper analysis of emission features of the jet base at intermediate spatial scales (∼250 − 2500 μas).
2. EHT observations of M87* in 2021
In this section, we summarize the main data properties and results, with details provided in the companion paper (EHTC 2025). The data were correlated with DIFX (Deller et al. 2007, 2011) using the output bands mode, a spectral window width of 58 MHz, and a bandwidth of 1856 MHz per band. For this analysis, we used band 3 and band 4 data, centered on 227.1 GHz and 228.1 GHz, respectively. The data were converted from linear to circular polarization feed basis using POLCONVERT (Martí-Vidal et al. 2016). Fringe-fitting was done using rPICARD (Janssen et al. 2019, 2022; von Fellenberg et al. 2025). The 2021 EHT observing campaign (April 9 − 19) consisted of M87* observations on April 9, 13, 14, 17 and 18. Since April 14 and 17 were relatively shorter tracks and NOEMA did not participate in April 13, we used only April 18. In 2021, NOEMA and KP joined the array for the first time, providing intermediate-length baselines that may be sensitive to the extended jet base emission (see Figure 1).
	[image: thumbnail]	Fig. 1. (u,v) coverage of the EHT and representative ring image obtained by DoG-HIT (EHTC 2025) in 2017, 2018, and 2021. Upper panels: (u,v) with the SMT-KP (red) and PV-NOEMA baselines (green) highlighted. These are used to constrain the jet base emission. Middle panels: a zoomed-in view of the (u,v) coverage, highlighting the short and intermediate baselines. We also highlight the (u,v) coordinates related to spatial scales of 1000 μas and 200 μas, corresponding to the expected range for extended emission. Bottom panels: DoG-HIT image of the central ring obtained from these data (EHTC 2025).



In EHTC (2025), the data were analyzed by seven teams using different imaging algorithms. The robustness of the reconstruction was demonstrated via cross-validation. Two teams used Difmap (Shepherd 1997), in combination with the AIPS task LPCAL (Leppanen et al. 1995) and GPCAL (Park et al. 2021, 2023a,b). The other teams used the RML methods DoG-HIT (Müller & Lobanov 2022, 2023a,b), ehtim (Chael et al. 2016, 2018), and MOEA/D (Müller et al. 2023; Mus et al. 2024a,b), as well as the Bayesian imaging techniques THEMIS (Broderick et al. 2020a) and Comrade (Tiede 2022). Although these imaging algorithms rely on different assumptions, they converge on a consistent recovered image structure on event horizon scales (EHTC 2025). We show a representative image from this analysis obtained by DoG-HIT in the bottom panels of Figure 1. The 2021 observations of M87* are well represented by a ring structure with an asymmetry oriented to the southwest. Although the total-intensity images are very consistent across years and methods, there is some significant evolution of the polarized structure over the years (for more details, we refer the reader to EHTC 2025). In this work, we focused on total intensity and leave the discussion of polarization of extended components for future work.
3. Jet base emission
3.1. Bump and offset in closure phases
We show the (u,v) coverage of the EHT in 2017, 2018, and 2021 in Figure 1 and highlight two new baselines introduced in 2021. The PV-NOEMA baseline is ∼1100 km in length, corresponding to on-sky spatial scales ∼250 μas; the SMT-KP baseline is ∼100 km in length, corresponding to ∼2500 μas scales. These intermediate baselines are sensitive to jet base emission, if it exists and is bright and compact enough to be detectable. However, each of these spatial scales is probed by a single baseline with a limited track length. Because of that, self-calibration techniques may inadvertently introduce or suppress extended emission if calibrated against a ring-only image or central point sources (e.g., Carilli & Thyagarajan 2022). To overcome this problem, we analyze data that were not self-calibrated, and use closure phases that are insensitive to station-based gain errors (e.g., Blackburn et al. 2020) to probe the jet base emission at scales accessible with SMT-KP and PV-NOEMA.
Three stations are required to construct closure phases. Because no other intermediate-length baselines are available, the closure triangles formed necessarily also probe small-scale structures. However, we can choose triangles that are particularly useful, i.e., show low variations during the track (indicating that the long baseline contribution is small or canceled), are long in duration, and have high signal-to-noise ratio (S/N). The high-sensitivity station ALMA satisfies all these requirements for both baselines of interest. We thus focused on the ALMA-SMT-KP and ALMA-PV-NOEMA triangles in this analysis.
Since the small-scale information of the long ALMA baselines in those triangles cannot be disentangled from the intermediate-scale information, the jet base information has to be derived from the difference between the data and the ring-only image. In Figure 2 we show the closure phases on various triangles. The top panel displays an example triangle containing the ALMA-APEX baseline across the three years. The middle and bottom panels display the triangles of interest obtained for the small-scale ring images for different methods–one representative image is chosen for each framework–Difmap (CLEAN), DoG-HIT (RML) and Comrade (Bayesian). None of the imaging methods (marked by solid lines) can fully recover the closure phases with the compact ring image alone on these triangles. However, we note that the different imaging algorithms applied and validated various strategies to mitigate the effect of jet base emission on the ring images. These include the addition of large-scale Gaussian components that are not used to create the fits in Figure 2. Figure 2 displays the image fits without these additional factors, focusing solely on the compact ring feature.
	[image: thumbnail]	Fig. 2. ALMA-APEX-PV (top) closure phases of M87* as observed in 2017, 2018 and 2021. The ALMA-PV-NOEMA (middle) and ALMA-SMT-KP (bottom) closure phases on M87* observed on April 18, 2021 (figure is adapted from EHTC 2025) are shown together with ring-image models obtained with different imaging algorithms (see text for details). The top panel shows an example of a trivial closure phase triangle, where two stations are co-located, see Georgiev et al. (2025) for details. The image models are discrepant with the observed data by a few degrees, which may be attributable to intermediate-scale emission observed on the PV-NOEMA and SMT-KP baselines.



In particular, the ALMA-PV-NOEMA triangle features a ‘bump’ that is not well captured by the ring images, and, similarly, ALMA-SMT-KP has a visible ‘offset’. Due to the high sensitivity on those triangles, the difference is significant despite its small magnitude.
One plausible explanation for this residual of a few degrees in the closure phase is a faint but measurable emission on intermediate spatial scales sensed by PV-NOEMA and SMT-KP.
3.2. Model
In the following, we motivate a simple model to explain the observed closure phase residuals on the two selected triangles. The triangle that includes the longer baseline PV-NOEMA features a bump with a period of a few hours. Conversely, the ALMA-SMT-KP triangle does not have a beating but a simple offset from the ring-image models. This suggests that the relevant spatial scales may be on the order of, or slightly larger than, the PV-NOEMA scale, as any larger structure would introduce a beating on the ALMA-SMT-KP triangle as well. Moreover, it needs to be located close to the image center. Such a closure phase signature is characteristic of a “binary model”; in our case it consists of the ring, which is not resolved by either of the two baselines, and an extra component.
Based on these simple considerations, we propose the following source model: the compact ring emission as seen on long baselines, with an additional, faint, Gaussian component located at scales 100 − 2000 μas from the center of the ring emission. This model gives four additional degrees of freedom, the x and y positions, the brightness F0, and the full width at half maximum (fwhm) of the Gaussian component. The model is selected to be as simple as possible to restrict the number of degrees of freedom, which is a necessary assumption for the model fitting due to the limited information on jet base emission present in the data. Because the PV-NOEMA and SMT-KP baselines are sensitive to two different spatial scales, they are not necessarily described by the same model component. Thus the model’s complexity can be trivially extended by allowing for an elliptical Gaussian component or even a second Gaussian component.
Deriving from these simple initial considerations, we can set approximate limits for the expected parameters of the additional Gaussian component. The size should be such that it is probed by the PV-NOEMA and SMT-KP baselines, creating a beating on the former within just two hours. Hence, it does not describe extended emission but most likely jet base emission with spatial scales similar to the ring diameter.
We refer to detailed analysis of the total flux density of the ring feature in EHT observations presented in EHTC (2024b). Although for the arcsecond scale structure in M87* typically flux densities between 1.0 Jy and 2.0 Jy were measured (Bower et al. 2015; Wielgus et al. 2020), for the milliarcsecond and microarcesond structure usually flux densities between 0.5 and 1.0 Jy have been reported (Doeleman et al. 2012; Akiyama et al. 2015; Kim et al. 2018; Wielgus et al. 2020; Lu et al. 2023), consistent with the values found by the EHT (EHTC 2019d, 2024b, 2025). The discrepancy between the ring image and the flux density detected with ALMA alone of about 1 Jy is due to the existence of an (as of yet) undetectable large-scale jet. The additional Gaussian component fitted in this manuscript is likely to explain some, but not necessarily all, of the missing flux. This sets an approximate upper limit of 0.5 Jy for the flux of the Gaussian component, preferably less.
4. Localization of the emission region
4.1. Impact of the model parameters
In the following analysis, we examine the impact of jet base emission when modeled as a Gaussian component. We base our analysis on a DoG-HIT reconstruction: since the algorithm separates small and large scale emission naturally, it is optimized to fit to the closure phases and closure amplitudes in the 2021 data. However, we note that the black hole shadow images obtained by various algorithms have similar characteristics on the ALMA-PV-NOEMA and ALMA-SMT-KP triangles with respect to the bump and the offset, see Figure 2.
Figure 3 shows the ring image obtained by DoG-HIT with an additional Gaussian added on top, varying some of the parameters described in Section 3.2. The upper part of the panels display the recovered central region with an additional Gaussian component in logarithmic scale. Panels e, f, h, and i show the observed closure phases (black markers) and model closure phases (solid lines) on the ALMA-PV-NOEMA triangle (AA-PV-NN) and ALMA-SMT-KP triangle (AA-MG-KP).
	[image: thumbnail]	Fig. 3. Symmetric Gaussian component with varying parameters over the reconstructed DoG-HIT image as represented in Figure 1 represented in log scale. Different rows correspond to changes in the values of different parameters (see text for details). The solid lines represents the corresponding complete model (ring + Gaussian) closure phases on the respective triangles.



The addition of a Gaussian component creates a periodic modulation – a beating – on the PV-NOEMA baseline. There are locations (primarily to the east and west of the ring, see Figure 3) where the beating is broadly aligned with the data, and locations where it misaligns and worsens the fit to the closure phase (primarily to the north). On the ALMA-SMT-KP triangle, the component produces a closure phase offset, which matches the data for some locations (good fits primarily to the West). The brightness of the component scales the amplitude of the beating and offset on the respective triangles. An overly bright Gaussian component overestimates the beating and the correction of the offset, while a too dim component underestimates the necessary corrections (first row of Figure 3). Finally, an overly compact component causes large-magnitude swings in the closure phase, while for a larger feature it is too smooth (fourth row in Figure 3).
These findings are summarized in Figure 4. In the left panel we show an example of reduced χ2 (χν2) of the ALMA-PV-NOEMA triangle as a function of the location of the Gaussian component with a fixed flux density of 60 mJy and a size of 180 μas. Locations 200 μas to the west or the east of the ring are preferred. Similarly, the middle panel shows the χν2 for the ALMA-SMT-KP triangle, with the preferred location to the southwest. In the right panel we show the combined χν2 and a preferred region to the southwest, roughly 300 μas to the West and 100 μas to the South of the ring. However, the presence of multiple regions with low χν2 indicates that the current model remains weakly constrained and degenerate.
	[image: thumbnail]	Fig. 4. χν2 achieved with the Gaussian model for a fixed width and brightness ratio, but varying position. The left and middle panels show the χν2 for the ALMA-PV-NOEMA and the ALMA-SMT-KP triangles, respectively, and the right panel shows the combined χν2. The contours indicate the position of the best-fit model.



4.2. Symmetric Gaussian component
To obtain the maximum posterior position for a Gaussian component, we use the Markov chain Monte Carlo (MCMC) sampler EMCEE (Foreman-Mackey et al. 2013). We adopt uniform priors for the flux (F0 ∈ [0, 0.2] Jy), the location (x, y ∈ [ − 500, 500] μas), and the width (fwhms ∈ [50, 250] μas). The maximum posterior parameters are given in Table 1. The corner plots are shown in Appendix A (Figure A.1). The best fit component has a flux density of ∼60 mJy and is located towards the Southwestern portion of the ring.
We show the obtained ring image as well as the ring image with an additional Gaussian component in Figure 5. The respective fits of the Gaussian components to the ALMA-PV-NOEMA and ALMA-SMT-KP closure phases are shown in the panels e, f, h, and i. We highlighted notable improvements in the fitting quality of the closure phases visible from panel h and i. Despite the simplicity of the model, the χν2 is 1.29 for the bump (compared to 2.73 without the jet base emission), and 1.12 for the offset (compared to 2.52). The component has almost negligible impact on all other triangles; the χν2 over all triangles improves from 1.5 to 1.39. The χν2 does not increase for any triangle, see Appendix B for further details. In Figure B.2, we show the impact of the additional Gaussian component on the amplitudes for different baselines. Amplitudes on baselines longer than ∼2 Gλ stay mostly unaffected by the additional Gaussian component. This is reflected by the fit to the self-calibrated amplitudes shown in panel g and j in Figure 5 and the left panel in Figure B.2. The effect of the Gaussian component can be completely absorbed into the amplitude self-calibration.
	[image: thumbnail]	Fig. 5. Ring-only DoG-HIT image (panel a: linear scale, panel b: logarithmic scale) compared to the DoG-HIT ring image with an additional Gaussian (panel c and d). In the bottom row, we show the fit to the bump and offset in closure phases and the fit to the amplitudes for DoG-HIT (panels e,f,g) and for DoG-HIT with the symmetric Gaussian component added (panels h,i,j).



Finally, synthetic data tests were performed in EHTC (2025). These tests also include the validation of a ring image with an extended jet component. The results of this test for all seven imaging techniques are described in Appendix D3 of that paper. We reprint the main result of this validation in Appendix B, Figure B.1. We note that all techniques were able to recover the ring emission correctly with exceptionally high cross-correlation > 0.995 for the total-intensity 2021 data.
We conclude that the addition of the Gaussian model does not worsen the otherwise excellent fit to the data obtained in EHTC (2025) with the black hole shadow images only. Vice versa, the Gaussian component only leaves a significant effect on the ALMA-PV-NOEMA and ALMA-SMT-KP triangles, exhibiting a small effect on the overall fitting statistics. Hence, based on the success of the fitting in the aforementioned study, and the synthetic data tests that were performed in EHTC (2025), we have no reason to question the validity of the ring emission presented in EHTC (2025).
4.3. Asymmetric Gaussian component
To explore the possibility of asymmetry of the jet base emission we extend the model by two additional parameters: the ratio of fwhmmaj and fwhmmin (ℛ) and the rotation angle of the asymmetric Gaussian component Φ, see Appendix C for additional details. We again use uniform priors (ℛ ∈ [0, 1], and Φ ∈ [ − 180 ° ,180 ° ]). Neither the flux density nor the position change significantly; however, the model prefers to be symmetric, and hence the rotation angle is poorly constrained. The χν2 values are 1.28 for the bump and 1.10 for the offset, i.e., there is no significant improvement to the fit. The best-fit values are provided in Table 1, we show the best-fit model in the left panel of Figure 6.
	[image: thumbnail]	Fig. 6. Images for the best fits with an asymmetric Gaussian component (left) and two Gaussian components (right) in log scale.



4.4. Two Gaussians
For completeness, we explore the possibility of a secondary Gaussian component in the fit. However, given the complexity of the model and limitations of the data, we constrain the second component in the positive y direction, that is, we allow the y position to vary only within [0, 500 μas]. In this way, we test the presence of the second component in the northern region, but allow all parameters to vary (12 parameters). The flux density of the first southern Gaussian is [image: equation]. The second Gaussian has a flux density of [image: equation]. The first component is smaller in size compared to the previous modeling, but the positions do not vary significantly. The second, northern, component is relatively fainter. Since, the rotation angle for this component is poorly constrained, it prefers to be symmetric as well. The χν2 values are 1.29 for the bump and 1.10 for the offset. Thus, there is no statistical evidence for the inclusion of a secondary Gaussian component.
The Gaussian fit parameters are provided in Table 1, and the corner plot is provided in Appendix A. The third image in Figure 6 (right panel) represents the best-fit model consisting of two Gaussian components.
Table 1. 
Parameter estimates for the different Gaussian model fits described in Section 4.2, Section 4.3 and Section 4.4.

5. Alternative fitting scenarios
Due to the limited number of data points on the two chosen closure triangles, multiple plausible emission features may exist. In the previous section, we demonstrated that adding a simple Gaussian component to the compact emission provides a good fit to the data; the emission is most likely located southwest of the ring emission.
In this section, we discuss alternative models that may fit the data and discuss their validity. This list is not complete and focuses on some physically-motivated emission structures instead. Hence, we cannot rule out that alternative emission scenarios exist.
5.1. GMVA jet structure
At 86 GHz, Lu et al. (2023) imaged a ring-like feature together with the innermost jet in M87* with the GMVA complemented by the ALMA and the Greenland Telescope (GLT). Here, we discuss whether this jet structure would be able to fit the respective triangles. To this end, we need to extract the jet component of the GMVA image from the ring feature observed at 86 GHz, and stack this jet feature to the ring feature observed at 230 GHz.
Specifically, Kim et al. (2025) presented a reanalysis of this data set, among others, with DoG-HIT. In DoG-HIT, the image structure is represented in multiple spatial scales by wavelets Ψi:
[image: thumbnail](1)
The smallest-scale wavelets describe the ring (the small-scale feature), and the largest spatial scales describe the jet emission. In this way, the image is naturally decomposed into the compact ring structure and the jet base emission across different spatial scales. We use this natural decomposition to study whether the jet observed by the GMVA provides a good fit: we filter out the ‘ring-components’ in the 86 GHz image by setting all small-scale wavelets to zero, then we add the 230 GHz EHT ring image and the jet emission at 86 GHz seen by the GMVA. Motivated by the findings in Section 4.1, the GMVA jet image is rescaled to add a flux density between 0.0 Jy and 0.2 Jy to match the 230 GHz ring image. We grid-search for the best flux density in this interval and find the best χ2 at an additional flux density of 0.06 Jy, consistent with the findings in Section 4.2. The results are shown in Figure 7. We note that we can absorb the large-scale jet component completely in the amplitude gains, providing a good fit to the self-calibrated amplitudes in both cases. The fit to the offset and the bump is improved by including the jet component. However, our model of the 86 GHz jet is not able to provide a good fit, performing worse than the simpler fiducial model presented in Section 4.2. This is likely a limitation of our attempt to scale the 86 GHz image, rather than an indication that the 86 GHz and 230 GHz emission structures are inherently different.
	[image: thumbnail]	Fig. 7. Ring-only DoG-HIT image (first panel, top row: linear scale, second-panel first row: logarithmic scale) compared to the DoG-HIT ring image stacked with the jet observed with the GMVA (third and fourth panel, top row). In the bottom row, we show the fit to the bump and offset in closure phases and the fit to the amplitudes for DoG-HIT (left panels) and for DoG-HIT with the GMVA jet added (right panels).



5.2. Imaging with weakened assumption on compactness
Next, we check whether we can find an alternative way of fitting the data, including the offset and the bump utilizing the DoG-HIT imaging algorithm. DoG-HIT represents the recovered image by a dictionary of wavelet functions Ψi and images at spatial sub-bands as described by Eq. 1. DoG-HIT utilizes a sparsity-constraining approach, effectively defining multiresolution support, i.e., a set of statistically-significant wavelet coefficients to describe the image. As demonstrated in Müller & Lobanov (2023a), the multiresolution support encodes two constraints: the location of the emission and the spatial scales needed to explain the emission at these locations. The latter relates to the (u,v) coverage, i.e., which spatial scales are measured.
This way, DoG-HIT allows for three alternative approaches to fit the bump and the offset. In the first approach, we investigate whether large spatial scales can account for the observed deviations without a constraint on the emission location or its spatial scale. In the second approach, we focus on localized emission in the ring. In the third approach, we constrain the location and spatial scales. For each approach, we take the ring-only image from DoG-HIT and try to improve the fit quality to the closure phases only, using a gradient descent approach with a small step size.
5.2.1. Fit without spatial scale and localization constraints
First, we do this fit without any mask on the spatial scales or the location of the emission, allowing every pixel to vary (labeled unmasked Figure 8, right column). The unmasked image fits the bump and also shows a much-improved fit to the offset. Moreover, improving the fits in the direction of the closure phases does not violate the match to the amplitudes. The recovered ring image shows no significant variation. However, comparing the unmasked image with the original image, which was masked in spatial scale and localization (Figure 8, left column), on a logarithmic scale, we observe that the improved precision has been achieved by fitting a ‘waffle-like pattern’ associated with the PV-NOEMA and SMT-KP baselines, which is nonphysical.
	[image: thumbnail]	Fig. 8. Reconstruction of the ring and potential jet base emission, when restricted to spatial scales determined by DoG-HIT in the compact emission region (left panels, called masked), and completely unmasked (right panels, called unmasked).



5.2.2. Fit with localization constraint
Here, we add a constraint on the emission location by performing the same gradient descent fit to the closure phases but only allowing the pixels on the ring to vary, defined by the 1% intensity contour in the DoG-HIT imagesy. The resulting reconstructions and model closure phases are shown in Figure 9.
	[image: thumbnail]	Fig. 9. Reconstruction of the ring and potential jet base emission when restricted to spatial scales determined by DoG-HIT in the compact emission region (left panels, called masked), and when restricted to the ring emission, but flexible in spatial scale (right panels, called unmasked).



In this case, we can fit the bump reasonably well but have issues fitting the offset. A closer inspection of the structures that fit the bump in the top right panel of Figure 9 indicates that this fitting is achieved by asymmetries in the ring itself through a number of components. Each component exhibits structure significantly smaller than the resolution limit of roughly 20 μas.
5.2.3. Fit with localization and spatial constraints
Finally, we constrain the emission both by its localization and its spatial scale, as imprinted in the wavelet approach of DoG-HIT. The respective fitting quality is shown in the left columns of Figure 8 and Figure 9. Even if we fit for the ALMA-PV-NOEMA and ALMA-KP-SMT closure phases alone with a gradient-descent approach, restricted by the localization and spatial constraints imprinted by the wavelet dictionary, we remain limited in our potential to fit the bump or the offset.
This suggests that the model mismatch results from limiting the imaging to ring-scale emission only. This further supports the view that the bump and the offset are signatures of jet base emission, rather than artifacts from the imaging procedure being imprecise in its representation of the ring.
5.2.4. Data corruptions and systematic errors
Both the bump and offset are formally significant relative to a 0° closure phase, assuming the thermal errorbars are reliable. However, it is likely that the thermal errorbars underestimate the true error, as they do not account for non-closing errors such as polarization leakage (e.g., Broderick & Pesce 2020). Therefore, imaging methods add a fractional systematic Gaussian uncertainty to the errors of ∼2% of the visibility amplitudes (EHTC 2019c). In Appendix D we demonstrate that leakage cannot account for the bump or the offset. Nevertheless, we cannot rule out the possibility that other unknown sources of systematic error may corrupt the data.
5.3. Impact on previous EHT observations
The information about jet base emission has been derived primarily from the KP-SMT and PV-NOEMA baselines in this manuscript. These baselines are unique to the 2021 EHT data, as this was the first year in which the Kitt Peak telescope and NOEMA participated in EHT observations (EHTC 2025). In 2017 and 2018, LMT formed a baseline with the SMT of ∼1.3 Gλ (compared to 0.8 Gλ for PV-NOEMA in 2021), making it the shortest baseline between two stations that are not co-located (ALMA/APEX and SMA/JCMT) during these years. However, LMT did not participate in the 2021 observations. Here, we examine whether the jet base component derived in this manuscript – based on the enhanced coverage of the EHT in 2021 – would have a significant impact on data taken in 2017 and 2018. In other words, does our knowledge of an extended component influence the black hole shadow reconstructions presented in EHTC (2019a, 2024b, 2025)?
In Figure 10, we show the closure phases observed in 2017 (left panel) and 2018 (right panel) with the LMT-SMT baseline (black data points), and their respective fit to the DoG-HIT model of that year presented in EHTC (2025) (red line). The closure phases undergo a swing of almost 80° over the full duration of the observing track. This swing is completely explained by the ring models recovered by DoG-HIT. There is no additional feature visible that would motivate the fitting of an additional component in these years from the LMT-SMT baseline. In addition, we show with a blue dotted line the closure phases of the DoG-HIT model with the additional Gaussian component obtained from our analysis in 2021. In the bottom panels, we show the difference between the predicted closure phases with and without the additional Gaussian component compared to the noise level. The difference in closure phase introduced by our model on the LMT-SMT baseline is negligible. We conclude that, due to the lack of short baselines, the data obtained in 2017 and 2018 by the EHT are fully fitted by ring-only emission. Additionally, the Gaussian component identified in this work is not detectable on any baseline in the EHT longer than the PV-NOEMA baseline, and thus was not detectable/had no measurable impact on observations conducted in 2017 and 2018. Moreover, the component fitted here is relatively faint, only 60 mJy. Any significantly brighter component would introduce effects in ALMA-PV-NOEMA and ALMA-KP-SMT triangles larger than a few degrees, setting a robust upper limit for the amount of resolved jet emission in EHT observations to date.
	[image: thumbnail]	Fig. 10. Closure triangle formed by Chilean stations (ALMA/APEX), LMT, and SMT in 2017 (left panel) and 2018 (right panel). The LMT-SMT baseline is the shortest baseline between non-co-located stations in EHT observations of 2017 and 2018. Black markers: observed closure phases. Red line: fit to the DoG-HIT reconstruction in 2017 (left panel) and 2018 (right panel). Dark blue line: fit to the DoG-HIT reconstruction (ring) with an additional Gaussian model component determined from 2021 data as it would appear in 2017 (left panel) and 2018 (right panel). The line has been offset by a time offset of 0.1 hours to make it visible. In the bottom panels, we show the significance of the difference between the DoG-HIT model and the DoG-HIT model with additional Gaussian component, measured by the difference in ΨC divided by the closure phase error. In both years, the effect of the additional Gaussian component on the Chile-LMT-SMT closure phases is an order of magnitude smaller than the respective noise.



6. Discussion
Broderick et al. (2022) found a component roughly 50 μas to the south and 50 μas to the West of the black hole shadow by modeling a narrow ring component to describe the black hole ring feature in the 2017 EHT observations (EHTC 2019a). This result is consistent with similar findings reported in Arras et al. (2022), Carilli & Thyagarajan (2022), although a robust detection could not be claimed by either study due to the lack of short and intermediate baselines in the 2017 EHT observations.
Broderick et al. (2022) demonstrated that the feature aligns well with the southern arm of the edge brightened jet observed at 86 GHz (Kim et al. 2018) when taking into account the expected core shift between 230 and 86 GHz. Recently Lu et al. (2023) observed the innermost jet in M87* at 86 GHz with the GMVA expanded by ALMA. They found a ring-like feature with an edge-brightened jet base. In Figure 11 we present the EHT results (green-colored contours) on top of the GMVA image (in virdis colormap). To this end, we use the intensity map reported by Kim et al. 2025 (a reanalysis of results reported in Lu et al. 2023) due to its improved resolution. The images are stacked by aligning the ring features observed at 230 and 86 GHz. By visual inspection, the jet base Gaussian component studied here aligns to first order with the southern arm of the edge-brightened jet observed with the GMVA. The second Gaussian component in the two-Gaussian model would align with the northern arm, but most likely represents a degeneracy in the posterior.
	[image: thumbnail]	Fig. 11. Fiducial ring structure of the M87* black hole shadow (green contour) with a single Gaussian component (solid blue contours) corresponding to the best-fit parameters found in Section 4.2 (Table 1, first set) and double Gaussian components (dashed contours) corresponding to the best-fit parameters found in Section 4.4 (Table 1, second set), overplotted on the jet in M87* observed at 86 GHz (heatmap) with the GMVA (Lu et al. 2023; Kim et al. 2025). The green dotted line shows the jet orientation.



The jet collimation profile at sub-milliarcsecond scales is parabolic. Kim et al. (2018) found a jet width profile W ∝ z0.5 (where z is the projected distance from the core), also in agreement with observations at milliarcsecond scales (Hada et al. 2013, 2016; Hada 2017). This parabolic shape is consistent with a jet driven either by black hole spin via the Blandford-Znajek mechanism (Blandford & Znajek 1977; Nakamura et al. 2018) or by the differential rotation of the accretion flow via the Blandford-Payne mechanism (Blandford & Payne 1982). The preference for a southwestern component in our model over a northwestern component is consistent with a rapidly rotating jet structure near the black hole (Broderick et al. 2022), however the scope for interpretation remains limited due to the limited amount of information. Lu et al. (2023) reported a deviation from the parabolic shape near the core (≤0.2 mas). This profile flattening may be a powerful indicator of the jet launching mechanism, potentially requiring an additional emission component, for example by non-thermal electrons in gravitationally unbound, non-relativistic winds (Nakamura et al. 2018; Park et al. 2019; Lu et al. 2023). While this is an anticipated observable for the EHT and its successors to connect the jet dynamics to the black hole and study jet launching mechanisms (EHTC 2024a), we note that the jet base component found in this study is too far out to make reliable conclusions about the physics of the jet within the first ten Schwarzschild radii.
7. Conclusions
We used the improved intermediate baseline coverage of the 2021 EHT campaign to search for resolved jet base emission around M87*. We found evidence for a faint offset component on angular scales accessible to the PV-NOEMA and KP-SMT baselines. Fitting a simple geometric model – a single offset Gaussian – yields a flux density of ∼60 mJy at a location ≈(−60, −320) μas relative to the ring center. The Gaussian component has fwhm ≈ 180 μ as.
Introducing the Gaussian component into the source model reduces the closure phase residuals on the ALMA-PV-NOEMA and ALMA-KP-SMT triangles. For the ALMA-PV-NOEMA triangle the χν2 falls from 2.73 to 1.29, and for the ALMA-KP-SMT triangle from 2.52 to 1.12; the χν2 for all triangles improves from 1.50 to 1.39; and it is improved on every single triangle, albeit the improvement is insignificant for most. This demonstrates that a compact, faint asymmetry at intermediate scales is an economical explanation for the observed closure phase structure in the 2021 data.
The recovered component’s position and scale are consistent with the southern/southwestern arm of the edge-brightened jet seen in the 86 GHz GMVA image. Stacking the component over the GMVA jet indicates a preference for an additional flux density of ∼60 mJy to match the EHT closure phases. However, the data do not statistically favor more complex models (an elliptical Gaussian component or a two-component component model) over the single Gaussian model.
We emphasize two important caveats. First, while our modeling improves the data-minus-model residuals, the limited number of intermediate baselines and the single-baseline sensitivity at the relevant spatial frequencies restrict a robust morphological reconstruction: other mathematically viable structures, including imaging artifacts consistent with the measured (u,v) sampling, cannot be fully excluded. Second, single-baseline or small-triangle measurements are susceptible to non-closing systematics. While we rule out polarization leakage as the origin of the signal and have performed imaging and synthetic data checks, unknown systematic errors cannot be completely ruled out. For these reasons, we conservatively treat the recovered Gaussian flux density as an upper limit on resolved jet base emission at spatial scales probed by the PV–NOEMA and KP–SMT baselines.
Finally, the presence of this faint component does not conflict with earlier EHT reconstructions from 2017, 2018, and 2021. The arrays in earlier years lacked the intermediate baselines required to detect emission at the spatial scales we probe here, so ring-only models adequately describe the earlier epochs. Excellent fitting quality, synthetic data tests, and the negligible effect of the Gaussian model on baselines longer than PV-NOEMA also indicate the robustness of the ring-only images obtained in 2021. The detection (or upper limit) reported here therefore complements earlier results and constrains where the EHT missing flux cannot reside: resolved, brighter emission ∼100 − 300 μas southeast and northeast relative to the ring is firmly ruled out by these closure triangles.
In summary, the 2021 EHT data provide the first constraints at 230 GHz on faint, asymmetric emission at intermediate scales near M87*, locating a plausible component southwest of the ring with a flux density < 0.1 Jy. Although this result is robust under the assumptions and tests performed, definitive confirmation and more precise constraints will require future EHT observations with higher sensitivity and improved intermediate-baseline coverage via additional stations and expanded frequency range.
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1 That is, images of a variety of simple geometric structures, physically motivated structures, as well as simulations of accretion flow (EHTC 2025).




Appendix A:  Corner plots
In the following, we show the MCMC corner plots of the three model fits that we performed. Figure A.1 displays the corner plot of the four-parameter Gaussian model, Figure A.2 displays the corner plot of the six-parameter Gaussian model, and Figure A.3 displays the fit with a twelve-parameter double Gaussian model.
	[image: thumbnail]	Fig. A.1. Corner plot showcasing our estimates for the location (x, y in units of μ as), flux (F0 in units of Jy), and width (σ in units of μ as) of the Gaussian toy model.



	[image: thumbnail]	Fig. A.2. Same as Figure A.1 but with two additional parameters: ℛ, the ratio of fwhmmaj and fwhmmin, and Φ, the rotation angle, of the asymmetric Gaussian toy model. See Section 4.3 for more details.



	[image: thumbnail]	Fig. A.3. Same as Figure A.1 but for two asymmetric Gaussian toy models. See Section 4.4 for more details.




Appendix B:  Effect on visibility amplitude
In Figure B.1 we show the evaluation of the synthetic data test performed with an extended jet component in EHTC (2025). In Figure B.2 we show the amplitudes of the ring model, the fiducial model, and the difference between the two models as a function of the projected baseline length.
	[image: thumbnail]	Fig. B.1. Figure D3 of EHTC (2025). Cross-correlation between the recovered ring model and synthetic ground truth model for seven different imaging techniques in 2017, 2018, and 2021. The synthetic data included a large-scale jet component. Upper panels show the cross-correlation in total intensity, lower panels in polarization. Despite the synthetic data containing a large scale jet component, the black hole shadow has been recovered for all methods and all years with exceptional accuracy, achieving cross-correlations > 0.995 in total intensity in 2021.



	[image: thumbnail]	Fig. B.2. Left panel: comparison of the predicted amplitudes for the DoG-HIT ring-only image (red markers), the DoG-HIT image with additional Gaussian component (blue markers), and the self-calibrated visibility amplitudes (green markers) as a function of projected baseline length. Right panel: the difference between the predicted visibilities for the DoG-HIT model and DoG-HIT with the additional Gaussian component as a function of projected baseline length. The plot demonstrates that the additional Gaussian component has no sizeable effect on baselines longer than PV-NOEMA.



	[image: thumbnail]	Fig. B.3. Same as Figure 3, but with asymmetry and position angle as additional parameters.




Appendix C:  Parameter exploration for 6 parameter Gaussian model
We demonstrate the effect of adding two additional degrees of freedom to the model with an asymmetric Gaussian component that can be rotated around its axis. In Figure B.3 we show that these parameters can be constrained in the extreme case of a very asymmetric Gaussian component. However, these parameters are poorly constrained.

Appendix D:  Impact of non-closing errors
Because the phase signature of the offset Gaussian component(s) is small, we cannot completely rule out systematic effects as an origin. Here, we assess the impact of one known non-closing error: polarization leakage. Polarization leakage causes signal dispersion from one correlation of polarization handedness (e.g., RR) to another (e.g., LL), and is baseline-based in nature (e.g., Müller 2024). One data-driven test to rule out leakage as the cause of the bump and offset is to compare the phase-residuals of the RR − LL closure phases on the respective triangles (Figure ). Under the assumptions that there is no significant leakage and that circular polarization is → 0, the difference between the parallel hands closure phases is zero. While there is a small offset on the ALMA-PV-NOEMA triangle, neither the bump nor the offset can be explained by a difference between the parallel hands, and we thus conclude that the signal is not caused by polarization leakage. The difference in the ALMA-PV-NOEMA triangle may be caused by either intrinsic circular polarization of the source or by leakage, and we thus place a limit on this type of non-closing error of ∼1°.
	[image: thumbnail]	Fig. D.1. Comparison of the RR (orange) and LL (green) closure phases on the ALMA-NOEMA-PV (top) and ALMA-KP-SMT triangles (bottom). The red line indicates the DoG-HIT ring model, the magenta line indicates the DoG-HIT model with an additional Gaussian component.
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Table 1. 
Parameter estimates for the different Gaussian model fits described in Section 4.2, Section 4.3 and Section 4.4.
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	[image: thumbnail]	Fig. 1. (u,v) coverage of the EHT and representative ring image obtained by DoG-HIT (EHTC 2025) in 2017, 2018, and 2021. Upper panels: (u,v) with the SMT-KP (red) and PV-NOEMA baselines (green) highlighted. These are used to constrain the jet base emission. Middle panels: a zoomed-in view of the (u,v) coverage, highlighting the short and intermediate baselines. We also highlight the (u,v) coordinates related to spatial scales of 1000 μas and 200 μas, corresponding to the expected range for extended emission. Bottom panels: DoG-HIT image of the central ring obtained from these data (EHTC 2025).
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	[image: thumbnail]	Fig. 2. ALMA-APEX-PV (top) closure phases of M87* as observed in 2017, 2018 and 2021. The ALMA-PV-NOEMA (middle) and ALMA-SMT-KP (bottom) closure phases on M87* observed on April 18, 2021 (figure is adapted from EHTC 2025) are shown together with ring-image models obtained with different imaging algorithms (see text for details). The top panel shows an example of a trivial closure phase triangle, where two stations are co-located, see Georgiev et al. (2025) for details. The image models are discrepant with the observed data by a few degrees, which may be attributable to intermediate-scale emission observed on the PV-NOEMA and SMT-KP baselines.
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	[image: thumbnail]	Fig. 3. Symmetric Gaussian component with varying parameters over the reconstructed DoG-HIT image as represented in Figure 1 represented in log scale. Different rows correspond to changes in the values of different parameters (see text for details). The solid lines represents the corresponding complete model (ring + Gaussian) closure phases on the respective triangles.
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	[image: thumbnail]	Fig. 4. χν2 achieved with the Gaussian model for a fixed width and brightness ratio, but varying position. The left and middle panels show the χν2 for the ALMA-PV-NOEMA and the ALMA-SMT-KP triangles, respectively, and the right panel shows the combined χν2. The contours indicate the position of the best-fit model.
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	[image: thumbnail]	Fig. 5. Ring-only DoG-HIT image (panel a: linear scale, panel b: logarithmic scale) compared to the DoG-HIT ring image with an additional Gaussian (panel c and d). In the bottom row, we show the fit to the bump and offset in closure phases and the fit to the amplitudes for DoG-HIT (panels e,f,g) and for DoG-HIT with the symmetric Gaussian component added (panels h,i,j).
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	[image: thumbnail]	Fig. 6. Images for the best fits with an asymmetric Gaussian component (left) and two Gaussian components (right) in log scale.
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	[image: thumbnail]	Fig. 7. Ring-only DoG-HIT image (first panel, top row: linear scale, second-panel first row: logarithmic scale) compared to the DoG-HIT ring image stacked with the jet observed with the GMVA (third and fourth panel, top row). In the bottom row, we show the fit to the bump and offset in closure phases and the fit to the amplitudes for DoG-HIT (left panels) and for DoG-HIT with the GMVA jet added (right panels).
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	[image: thumbnail]	Fig. 8. Reconstruction of the ring and potential jet base emission, when restricted to spatial scales determined by DoG-HIT in the compact emission region (left panels, called masked), and completely unmasked (right panels, called unmasked).
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	[image: thumbnail]	Fig. 9. Reconstruction of the ring and potential jet base emission when restricted to spatial scales determined by DoG-HIT in the compact emission region (left panels, called masked), and when restricted to the ring emission, but flexible in spatial scale (right panels, called unmasked).
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	[image: thumbnail]	Fig. 10. Closure triangle formed by Chilean stations (ALMA/APEX), LMT, and SMT in 2017 (left panel) and 2018 (right panel). The LMT-SMT baseline is the shortest baseline between non-co-located stations in EHT observations of 2017 and 2018. Black markers: observed closure phases. Red line: fit to the DoG-HIT reconstruction in 2017 (left panel) and 2018 (right panel). Dark blue line: fit to the DoG-HIT reconstruction (ring) with an additional Gaussian model component determined from 2021 data as it would appear in 2017 (left panel) and 2018 (right panel). The line has been offset by a time offset of 0.1 hours to make it visible. In the bottom panels, we show the significance of the difference between the DoG-HIT model and the DoG-HIT model with additional Gaussian component, measured by the difference in ΨC divided by the closure phase error. In both years, the effect of the additional Gaussian component on the Chile-LMT-SMT closure phases is an order of magnitude smaller than the respective noise.
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	[image: thumbnail]	Fig. 11. Fiducial ring structure of the M87* black hole shadow (green contour) with a single Gaussian component (solid blue contours) corresponding to the best-fit parameters found in Section 4.2 (Table 1, first set) and double Gaussian components (dashed contours) corresponding to the best-fit parameters found in Section 4.4 (Table 1, second set), overplotted on the jet in M87* observed at 86 GHz (heatmap) with the GMVA (Lu et al. 2023; Kim et al. 2025). The green dotted line shows the jet orientation.
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	[image: thumbnail]	Fig. A.1. Corner plot showcasing our estimates for the location (x, y in units of μ as), flux (F0 in units of Jy), and width (σ in units of μ as) of the Gaussian toy model.
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	[image: thumbnail]	Fig. A.2. Same as Figure A.1 but with two additional parameters: ℛ, the ratio of fwhmmaj and fwhmmin, and Φ, the rotation angle, of the asymmetric Gaussian toy model. See Section 4.3 for more details.
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	[image: thumbnail]	Fig. A.3. Same as Figure A.1 but for two asymmetric Gaussian toy models. See Section 4.4 for more details.
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	[image: thumbnail]	Fig. B.1. Figure D3 of EHTC (2025). Cross-correlation between the recovered ring model and synthetic ground truth model for seven different imaging techniques in 2017, 2018, and 2021. The synthetic data included a large-scale jet component. Upper panels show the cross-correlation in total intensity, lower panels in polarization. Despite the synthetic data containing a large scale jet component, the black hole shadow has been recovered for all methods and all years with exceptional accuracy, achieving cross-correlations > 0.995 in total intensity in 2021.
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	[image: thumbnail]	Fig. B.2. Left panel: comparison of the predicted amplitudes for the DoG-HIT ring-only image (red markers), the DoG-HIT image with additional Gaussian component (blue markers), and the self-calibrated visibility amplitudes (green markers) as a function of projected baseline length. Right panel: the difference between the predicted visibilities for the DoG-HIT model and DoG-HIT with the additional Gaussian component as a function of projected baseline length. The plot demonstrates that the additional Gaussian component has no sizeable effect on baselines longer than PV-NOEMA.
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	[image: thumbnail]	Fig. B.3. Same as Figure 3, but with asymmetry and position angle as additional parameters.
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	[image: thumbnail]	Fig. D.1. Comparison of the RR (orange) and LL (green) closure phases on the ALMA-NOEMA-PV (top) and ALMA-KP-SMT triangles (bottom). The red line indicates the DoG-HIT ring model, the magenta line indicates the DoG-HIT model with an additional Gaussian component.
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      Fig. 2. 

      
        [image: thumbnail]
      

      
        ALMA-APEX-PV (top) closure phases of M87* as observed in 2017, 2018 and 2021. The ALMA-PV-NOEMA (middle) and ALMA-SMT-KP (bottom) closure phases on M87* observed on April 18, 2021 (figure is adapted from EHTC 2025) are shown together with ring-image models obtained with different imaging algorithms (see text for details). The top panel shows an example of a trivial closure phase triangle, where two stations are co-located, see Georgiev et al. (2025) for details. The image models are discrepant with the observed data by a few degrees, which may be attributable to intermediate-scale emission observed on the PV-NOEMA and SMT-KP baselines.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Symmetric Gaussian component with varying parameters over the reconstructed DoG-HIT image as represented in Figure 1 represented in log scale. Different rows correspond to changes in the values of different parameters (see text for details). The solid lines represents the corresponding complete model (ring + Gaussian) closure phases on the respective triangles.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        χν2 achieved with the Gaussian model for a fixed width and brightness ratio, but varying position. The left and middle panels show the χν2 for the ALMA-PV-NOEMA and the ALMA-SMT-KP triangles, respectively, and the right panel shows the combined χν2. The contours indicate the position of the best-fit model.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Ring-only DoG-HIT image (panel a: linear scale, panel b: logarithmic scale) compared to the DoG-HIT ring image with an additional Gaussian (panel c and d). In the bottom row, we show the fit to the bump and offset in closure phases and the fit to the amplitudes for DoG-HIT (panels e,f,g) and for DoG-HIT with the symmetric Gaussian component added (panels h,i,j).

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Images for the best fits with an asymmetric Gaussian component (left) and two Gaussian components (right) in log scale.

      

    

  
    
      Table 1. 

      Parameter estimates for the different Gaussian model fits described in Section 4.2, Section 4.3 and Section 4.4.

      
        


	Parameter
	Symmetric
	Asymmetric
	Double





	F0 (mJy)
	
[image: equation]
	
[image: equation]
	[image: equation]



	x1 (μas)
	
[image: equation]
	
[image: equation]
	[image: equation]



	y1 (μas)
	
[image: equation]
	
[image: equation]
	[image: equation]



	fwhm1(μas)
	
[image: equation]
	
[image: equation]
	[image: equation]



	ℛ1
	–
	
[image: equation]
	[image: equation]



	Φ1 (°)
	–
	
[image: equation]
	[image: equation]



	F2 (mJy)
	–
	–
	[image: equation]



	x2 (μas)
	–
	–
	[image: equation]



	y2 (μas)
	–
	–
	[image: equation]



	fwhm2 (μas)
	−
	−
	[image: equation]



	ℛ2
	–
	–
	[image: equation]



	Φ2 (°)
	–
	–
	[image: equation]





      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Ring-only DoG-HIT image (first panel, top row: linear scale, second-panel first row: logarithmic scale) compared to the DoG-HIT ring image stacked with the jet observed with the GMVA (third and fourth panel, top row). In the bottom row, we show the fit to the bump and offset in closure phases and the fit to the amplitudes for DoG-HIT (left panels) and for DoG-HIT with the GMVA jet added (right panels).

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Reconstruction of the ring and potential jet base emission, when restricted to spatial scales determined by DoG-HIT in the compact emission region (left panels, called masked), and completely unmasked (right panels, called unmasked).

      

    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
        Reconstruction of the ring and potential jet base emission when restricted to spatial scales determined by DoG-HIT in the compact emission region (left panels, called masked), and when restricted to the ring emission, but flexible in spatial scale (right panels, called unmasked).

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Closure triangle formed by Chilean stations (ALMA/APEX), LMT, and SMT in 2017 (left panel) and 2018 (right panel). The LMT-SMT baseline is the shortest baseline between non-co-located stations in EHT observations of 2017 and 2018. Black markers: observed closure phases. Red line: fit to the DoG-HIT reconstruction in 2017 (left panel) and 2018 (right panel). Dark blue line: fit to the DoG-HIT reconstruction (ring) with an additional Gaussian model component determined from 2021 data as it would appear in 2017 (left panel) and 2018 (right panel). The line has been offset by a time offset of 0.1 hours to make it visible. In the bottom panels, we show the significance of the difference between the DoG-HIT model and the DoG-HIT model with additional Gaussian component, measured by the difference in ΨC divided by the closure phase error. In both years, the effect of the additional Gaussian component on the Chile-LMT-SMT closure phases is an order of magnitude smaller than the respective noise.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Fiducial ring structure of the M87* black hole shadow (green contour) with a single Gaussian component (solid blue contours) corresponding to the best-fit parameters found in Section 4.2 (Table 1, first set) and double Gaussian components (dashed contours) corresponding to the best-fit parameters found in Section 4.4 (Table 1, second set), overplotted on the jet in M87* observed at 86 GHz (heatmap) with the GMVA (Lu et al. 2023; Kim et al. 2025). The green dotted line shows the jet orientation.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Corner plot showcasing our estimates for the location (x, y in units of μ as), flux (F0 in units of Jy), and width (σ in units of μ as) of the Gaussian toy model.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Same as Figure A.1 but with two additional parameters: ℛ, the ratio of fwhmmaj and fwhmmin, and Φ, the rotation angle, of the asymmetric Gaussian toy model. See Section 4.3 for more details.

      

    

  
    
      Fig. A.3. 

      
        [image: thumbnail]
      

      
        Same as Figure A.1 but for two asymmetric Gaussian toy models. See Section 4.4 for more details.

      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Figure D3 of EHTC (2025). Cross-correlation between the recovered ring model and synthetic ground truth model for seven different imaging techniques in 2017, 2018, and 2021. The synthetic data included a large-scale jet component. Upper panels show the cross-correlation in total intensity, lower panels in polarization. Despite the synthetic data containing a large scale jet component, the black hole shadow has been recovered for all methods and all years with exceptional accuracy, achieving cross-correlations > 0.995 in total intensity in 2021.

      

    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
        Left panel: comparison of the predicted amplitudes for the DoG-HIT ring-only image (red markers), the DoG-HIT image with additional Gaussian component (blue markers), and the self-calibrated visibility amplitudes (green markers) as a function of projected baseline length. Right panel: the difference between the predicted visibilities for the DoG-HIT model and DoG-HIT with the additional Gaussian component as a function of projected baseline length. The plot demonstrates that the additional Gaussian component has no sizeable effect on baselines longer than PV-NOEMA.

      

    

  
    
      Fig. B.3. 

      
        [image: thumbnail]
      

      
        Same as Figure 3, but with asymmetry and position angle as additional parameters.

      

    

  
    
      Fig. D.1. 

      
        [image: thumbnail]
      

      
        Comparison of the RR (orange) and LL (green) closure phases on the ALMA-NOEMA-PV (top) and ALMA-KP-SMT triangles (bottom). The red line indicates the DoG-HIT ring model, the magenta line indicates the DoG-HIT model with an additional Gaussian component.
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