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Abstract

:

The next generation Event Horizon Telescope (ngEHT) will observe multiple supermassive black hole (SMBH) candidates down to a few tens of mJy, and profoundly transform our understanding of the local SMBH population. Given the impossibility of large-area high-resolution millimeter surveys, multi-frequency spectral energy densities (SEDs), and models are required to both identify source samples tailored to specific science goals, and to predict the feasibility of detection of individual interesting sources. Here, we present the Event Horizon and Environs (ETHER) source and SED model database whose primary use is to enable the selection and optimization of targets for EHT and ngEHT science. The living ETHER database currently consolidates 1.6 million black hole mass estimates, ∼15,500 milliarcsec-scale radio fluxes, ∼14,000 hard X-ray fluxes (expected to grow by factor ≳40 with the eROSITA data release) and SED information as obtained from catalogs and database queries, the literature, and our own new observations. Jet and accretion flow models are fit to individual SEDs in an automated way in order to predict the ngEHT observable fluxes from the jet base and accretion inflow. The database can be filtered by parameters or cross matched to a user source list, with the automated SED fitting models optionally fine tuned by the user. We have identified an initial ngEHT ‘gold sample’ for jet base studies and potentially black hole shadows; this sample will grow significantly in the coming years. While the ngEHT requires and will best exploit the ETHER database, six (eleven) ETHER sources have already been observed (scheduled) with the EHT in 2022 (2023), and the database has wide ranging applications in galaxy and black hole mass evolution studies.
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1. Introduction


Supermassive black holes are believed to transition through ‘hard’ and ‘soft’ states [1]. Current theoretical models describe these states as arising from differences in the inner flow geometries. The latter are characterized by high accretion rates relative to Eddington, with emission in the inner 1000 gravitational radii; R   g   = GM/c   2   where M is the BH mass dominated by UV to optical emission from an optically-thick geometrically-thin accretion disk (10 s to 1000 s of gravitational radii) and X-rays from a ‘corona’ around the accretion disk. The ‘hard’ states reveal low Eddington accretion rates (low-luminosity active galactic nuclei or LLAGNs) and their radio to gamma-ray emission in the inner 1000 R   g   comes primarily from a quasi-spherical accretion inflow in the innermost tens of R   g   e.g., [2], and potentially from jets launched within 10 s of R   g  . The innermost LLAGN accretion flows have been modelled with radiatively inefficient accretion flows (RIAFs), jets, or both e.g., [2,3,4,5,6]. The SMBH, when embedded in an accretion flow, or back-lit by a receding jet, produces a gravitationally-lensed bright ring with diameter 10.4 R   g   [7], within which sits the shadow produced by its event horizon.



The next-generation event horizon telescope (ngEHT) will provide a spectacular increase in both sensitivity (detecting sources at ∼10 s of mJy), and native resolution (15  μ arcsec) with super-resolution techniques potentially enabling resolutions of a few  μ arcsec. Additionally, the decreasing electron scattering with increasing frequencies and the often steeply increasing flux with frequency of the mm-wave emission from the inner accretion inflow, allows one to better resolve, or at least pinpoint accurately, the innermost region around the supermassive black hole as compared to cm-wave very long baseline interferometry (VLBI).



While the superlative sensitivity and resolution of the ngEHT will leverage wide ranging and transformational results in explicitly selected target samples, or in serendipitous sources of interest, it also creates a significant challenge. How do we identify and optimally select these few tens to thousands of ngEHT targets? Current predictions posit several to several thousand ngEHT detectable sources [8,9] with the range of predicted numbers depending on the still to be frozen technical specifications of the ngEHT. If we limit ourselves to SMBH with large black hole rings, e.g., within factor 5 of those in M87 and Sgr A*, we have only a few hundred potential targets, predominantly in the local universe. However, there are compelling reasons to include SMBHs with a large range of ring sizes. In terms of ’resolved’ science, super-resolution techniques, future earth-space VLBI, and studies of jet launching at 10 s to 1000 s R   g  , motivate the inclusion of SMBHs with ring sizes down to ∼1  μ arcsec. Further, transformational science can be leveraged by using ngEHT-detected jets and accretion flows as ‘signposts’ independent of the linear resolution in scales of R   g  , e.g., tracking orbits of binary SMBH. Direct selection of ngEHT targets is difficult for several reasons: (a) a sub-arcsec large-area survey at 230–345 GHz is curently impossible: for reference, a sub-arcsec ALMA 230 GHz survey of GOODS-S required ∼30 h to cover a 69 arcmin   2   area to a depth of 0.2 mJy/beam [10]. Observing the same area distributed over the sky is significantly more expensive due to calibration overheads; (b) all-sky mm-surveys have detection limits of a few hundred mJy, and resolutions of several arcminutes, e.g., Planck Collaboration et al. [11]; (c) multi-year large-area mm-surveys, e.g., SPT-3G [12] and JCMT-SCUBA2 [13], can only cover a few thousand of square degrees, at sensitivities of a few mJy to micro Jy, and resolutions of several tens of arcseconds to arcmin; and (d) dust is a strong contributor to 230–345 GHz emission, so that flux measurements at ≥arcsec-scale are often dominated by galactic dust rather than the SMBH environment.



The few thousand ngEHT targets—which require to be bright (≥few tens of mJy) and compact (≲1000 R   g  ) at 230–345 GHz—are, thus, best pre-identified using SED fits on as large a sample of AGN and LLAGN possible. Posterior lower frequency VLBI and/or lower resolution 230 GHz imaging can then be used to confirm feasibility of ngEHT detection or imaging. For the first step, given the ‘contamination’ from host galaxy emission, one requires high resolution (ideally milliarcsec or mas scale, i.e., VLBI) flux measurements, and/or arcsec-scale fluxes at energies where the host galaxy is relatively faint, e.g., hard X-ray to  γ -ray.



In this work, we present and describe the Event Horizon and Environment (ETHER) sample and database, which, independent of any specific science goal, aims to provide the definitive SMBH parent sample from which to select EHT and ngEHT targets in the coming decades. Additionally, ETHER will offer an easy to use ‘pipeline’ to evaluate the observational feasibility of any given new source.




2. Materials and Methods


In this section, we describe the compilation of observational data which forms the basis of the ETHER database, the immediately derived quantities from these data, and the modelling procedure used to predict the ngEHT observing feasibility of any given source.



2.1. Catalogs and Data


Since the mass of a SMBH is one of its key physical and observable properties, ETHER compiles a mass estimate for every source in the database. This permits an estimate of the angular size of the black hole shadow and ring, constrains the scales (in terms of R   g  ) on which we can resolve the jet base, and is a necessary ingredient for the SED modelling. Only ∼230 galaxies have SMBH measurements, and we, thus, primarily depend on estimates. SMBH measurements, from stellar dynamics and ionized, molecular, and maser, gas kinematics, where available are taken from large compilations e.g., [14,15,16] individual publications, e.g., [17,18] and references therein, and online databases e.g., the Reverberation Mass (RM) database at http://www.astro.gsu.edu/AGNmass/ (accessed on 1 April 2020).



Our more reliable SMBH mass estimates come from the multiple black hole mass—host galaxy empirical scaling relationships, including that between SMBH mass and velocity dispersion (M- σ ), or luminosity of the galaxy bulge (M-L   bulge  ), e.g., [15], ‘single-epoch’ reverberation mapping e.g., [19], and so-called ‘fundamental planes’ between SMBH mass and the pairs [effective radius of the bulge, central surface brightness]; e.g., Woo and Urry [20], [arcsec-scale radio and hard X-ray flux]; e.g., Gültekin et al. [21]. These scaling relationships are best calibrated at low redshifts and for SMBH masses ≳ 10   7      M ⊙    and we expect typical uncertainties of 0.3–0.6 dex in these. Here, velocity dispersions are from the HET massive galaxy survey [22], SDSS DR17 via astroqueries, and the Hyperleda database [23]. SMBH mass estimates from M-L   bulge   are taken from Caramete and Biermann [24] and Mezcua et al. [25]. SMBH mass estimates from the following references—which use multiple methods—are also incorporated: Woo and Urry [20], Shaw et al. [26], Chen et al. [27].



If no black hole mass estimate is available from any of the above sources, we use WISE W1, W2, and W3 magnitudes from the AllWISE catalog [28] to derive a SMBH mass estimate (for details see Hernández-Yévenes, J., et al., in prep.). Briefly, the process is as follows: (a) WISE W1 and W2 band magnitudes are used to estimate the total stellar mass of the galaxy via Equation (2) of Cluver et al. [29]; (b) the WISE W2−W3 color is used to estimate the morphological type (T) of the galaxy. This color-morphological type relationship is trained on ∼25,000 galaxies with morphological classifications from the 2MRS catalog [30] and from NED1 or SIMBAD; (c) the morphological type is used to estimate the bulge to total mass ratio following Figure 1 of Caramete and Biermann [24], and, thus, the bulge stellar mass, and (d) the SMBH mass estimate is derived using the    M BH  −  M Bulge    relationship of Schutte et al. [31].



Two further corrections are applied to the WISE derived mass estimations. First, the WISE-derived mass shows small but systematic offsets to the values from the ∼230 ETHER galaxies with SMBH measurements and ∼400 ETHER galaxies with high-quality stellar velocity dispersion (thus high-quality SMBH estimation via the M- σ  relationship). After empirically removing this offset the WISE-derived SMBH masses and the above mentioned ETHER SMBH masses (all in relatively nearby galaxies) agree within 0.6 dex. Second, powerful AGNs and ULIRGs are identified by their W2−W3 colors. In these, AGN emission could contaminate the W1 and W2 magnitudes, thus overestimating the SMBH mass. In these cases, we compare AGN bolometric luminosities with W3-derived total IR luminosities in order to flag those in which the AGN potentially contaminate the SMBH mass estimate from W1 and W2.



The details of the WISE based SMBH mass estimations will be presented in Hernández-Yévenes, J., et al., currently in preparation. While there are potentially large errors in individual values, statistically, these estimations are highly useful in the absence of any other. For example, this additional method provides us with SMBH mass estimates for a third of the VLBI-detected sources with no previous mass estimate, and 70% of the ∼520,000 ETHER galaxies at D ≤ 400 Mpc.



Redshifts and distances are incorporated from the original SMBH mass reference, or are taken, when necessary, from the Roma BZCAT 5th Ed. [32], the Veron-Cetty and Veron AGN catalog 13th Ed. [33], the Milliquas catalog [34], and via astroqueries to SIMBAD and NED. Luminosity and angular distances are derived from the EDD Database [35] for nearby (≲50 Mpc) galaxies, or a standard flat cosmology with H   0   = 70 km/s, Omega   m   = 0.30, and Lambda   0   = 0.70.



High-resolution (mas-scale) radio fluxes come from the 2022b version of the RFC catalog2, the VLBA calibrator list3, supplemented by 230 GHz EHT fluxes [5,6,36,37,38], 86 GHz GMVA fluxes [39,40], 43 GHz VLBA fluxes [41], 15 GHz VLBA fluxes [42], 5 GHz VLBA fluxes [43], NED and SIMBAD (via astroqueries), diverse literature results, and our ongoing VLBA and LBA programs (Ramakrishnan et al., in prep.). When mas-scale fluxes are not available, we use arcsec-scale fluxes from the 14 April 2022 version of the ALMA Calibrator catalog4, from the literature for individual galaxies of interest, and from our own survey programs with ALMA (Nair et al., in prep.).



Hard X-ray fluxes are incorporated from NED photometry tables (via astroqueries) and the Chandra Source Catalogue (CSC) through the CSCview application [44]. Currently we have a total of 19,158 hard X-ray flux values, of which, 14,242 are high-resolution (∼1 arcsec) measurements.



Astroqueries to NED, SIMBAD, and SDSS are used to supplement information on position, redshift, SED fluxes, galaxy and AGN type, and galaxy size.




2.2. Models


The SED coverage, when considering only relatively high-resolution (≲1 arcsec) measurements, is highly variable from source to source, is often sparse, and almost always non-simultaneous. We thus employ relatively simple analytical Advection Dominated Accretion Flow (ADAF) [8] and jet SED models [4,45] to predict fluxes at multiple frequencies (43, 86, 230, and 345 GHz) directly relevant to the EHT and ngEHT, or to our preliminary surveys aimed at selecting ngEHT targets. Details on these ADAF and/or jet model fits will be published in Arratia et al., in prep.



The analytic ADAF model is particularly useful for a large sample such as ETHER. While it internally uses many parameters, the total (synchrotron, bremsstrahlung, plus inverse Compton) ADAF SED is obtained by varying only the two most important variables—the SMBH mass and the Eddington ratio (  l Edd  ; between   10  − 7    and   10  − 1.7   ). For the jet component, we currently use multiple (∼980) templates built from the models used in Bandyopadhyay et al. [4]. While this jet model has 15 free parameters, we only iterate over those that result in the most significant impact to the model SED, namely black hole mass, jet outflow rate, fraction of electrons accelerated in the shock, and the fraction of shock energy in these electrons. We are currently implementing a similar approach using the BHJet model [45], which has 26 free parameters, of which those that most effect the cm to hard X-ray SED include the black hole mass, viewing angle, injected power, and jet maximum extent.



To model the SED of an ETHER source (see, e.g., Figure 1), we require at least a distance or redshift, an SMBH mass estimate, and a hard X-ray flux. The Eddington rate is then varied until the the ADAF SED model fits the hard X-ray point. Errors in this estimate are based on errors of the black hole mass and hard X-ray flux.



If one or more high resolution cm-wave fluxes are available, and these are, on average, above the ADAF-only model predictions, then a combined jet plus ADAF model is attempted. Here we attempt jet + ADAF fits with all of our current jet templates, and if multiple high resolution radio fluxes exist, we choose the fit with the lowest root-mean square (RMS) value between predicted and observed radio data. This combined jet plus ADAF fit to a given source thus primarily constrains the full range of expected fluxes from the jet and ADAF, rather than necessarily providing a single best-fit flux estimate plus its error.



Given the above caveats, and the fact that a hard X-ray flux is not currently available for many cm-wave VLBI sources in ETHER, Figure 2, Figure 3 and Figure 6 do not use fluxes derived from these model fits for VLBI-detected sources. Instead, for consistency and for illustration, the expected 230 GHz jet flux for the EHT is extrapolated from the the flux measured at the highest available VLBI frequency using the median spectral slope seen in our sample (S    ν  ∝  ν  − 0.4    ), plus the median (from our sample) resolution factor which accounts for the smaller field of view as frequency increases.





3. Results


3.1. ETHER: Overall Statistics


The ETHER sample (left panel of Figure 4) merges our collection of SMBH mass estimations, radio fluxes (VLBI, ALMA Calibrator database, literature, and our own work), of AGN and quasars identified in large catalogs (Section 2.1), and all ∼580 K galaxies in HyperLeda with V recc  ≤ 25,000 km/s. Currently ETHER contains 1.9 million galaxies, of which 230 have a measured SMBH mass (from resolved stellar dynamics or gas kinematics), and ∼1.6 million have an indirectly derived estimate of the SMBH mass. The remaining galaxies are part of the sample due to being listed as an AGN or quasar in redshift catalogs, or for being a bright radio source, but are missing a redshift and/or a SMBH mass estimate. Of the 1.1 million SMBH estimations, 294 K are from M  − σ  , 290 K from WISE M-L   bulge  , 5 K from other (non-WISE) M-L   bulge  , and 500 K from single-epoch RM (primarily from [19]). Focusing on galaxies at D ≤ 300 Mpc, ETHER currently includes 77,000 galaxies with an SMBH estimate. The mass function of these, in shells of 20 Mpc width out to 290 Mpc is shown in the right panel of Figure 4. At D ≤ 100 Mpc our mass function is in agreement with the ‘low’ theoretical mass function adopted by Pesce et al. [8] except at the lowest masses. However, at larger distances we are increasingly incomplete at the low and higher mass ends. Ongoing SDSS-V (and future 4MOST) programs for spectroscopic observations of eROSITA sources, refinements of our WISE-derived SMBH mass estimates (Section 2.2) to lower signal to noise and/or W1-only detections, and the ingestion of further galaxy catalogs will help fill in this shortfall in the coming years.



Among the 15.4 K AGN detected with cm-wave VLBI, only 8.6 K have an SMBH mass measurement or estimate in ETHER. Of the remaining 6.8 K AGN, we do not currently have a redshift for 91%. Some fraction of these could be recovered with a more exhaustive ingestion of current literature and databases. Determining the missing redshifts and SMBH mass estimates, especially in the brighter VLBI sources, is a high priority in our future work.



Given an SMBH estimate, and a distance, we can estimate the diameter of the ring around the black hole: 10.4R   g   [7].



3.1.1. Jet Bases and Shadows


A major goal of the ngEHT is to study the physics of jet launching and collimation across the parameter space of, e.g., black hole mass, accretion rate, spin, and jet morphology at larger scales: here the ngEHT can uniquely constrain theoretical models in the innermost 10 s to 1000 s R   g   e.g., [46]. For such goals, the optimal targets can be selected among the ∼15,400 AGN with already detected cm-wave VLBI cores. If an accretion inflow is present, or if the black hole is ‘back-lit’ by the receding jet base, then we can image, or constrain, the size of the black hole shadow and gravitationally lensed ring, in a subset of these jetted SMBH.



Figure 2 shows the expected EHT 230 GHz flux from the jet base (inner few 100 s of R   g  ) as a function of the linear resolution in R   g  . Here, the expected EHT flux is illustrative. As we discuss in Section 2.2, we do model the combined jet and ADAF spectrum for AGN with cm-wave VLBI and hard X-ray fluxes. However, the bulk of the ETHER sample have one to few, non-simultaneous, VLBI flux measurements so that SED modelling is not an option for the overall sample. In Figure 2, for uniformity, we simplistically extrapolate the highest frequency VLBI flux to 230 GHz using the median (in our sample) spectral index of −0.4, plus a median (in our sample) flux dilution factor due to the increasing resolution with frequency (0.4–0.8 for 5–86 GHz)). Extrapolations from previous VLBI observations at ≥86 GHz (blue points in the figure) are thus more reliable than others (brown for 43 GHz measurements and cyan for lower frequencies—predominantly 8 GHz). Additionally, for illustration, in the case of Sgr A*—which currently has no detected jet emission—we use the flux of the accretion inflow.



Figure 2 clearly shows that Sgr A* and M87 are, unfortunately, relatively isolated in terms of large shadow size and bright EHT 230 GHz fluxes. While the blue and red lines in the figure delineate the limits for resolving the black hole ring for ngEHT to Geostationary orbit (ngEHT-Geo) satellite(s) and ngEHT to L2 orbit (ngEHT-L2) satellite(s), they also roughly represent the limits for resolving jet bases at 100 R   g   and 1000 R   g  , respectively, with a ground-based ngEHT. We, thus, already have ∼10 (few hundred) candidates in which the jet base can be resolved at better than 100 R   g   (1000 R   g  ) with the ground-based EHT and ngEHT.



The 230 GHz EHT image of M87 Event Horizon Telescope Collaboration et al. [5] revealed that the flux in the innermost 100 s of R   g   is dominated by the accretion inflow, rather than jet base (∼700 mJy in the bright ring produced by the gravitationally lensed accretion inflow, leaving only ∼300 mJy in the still-to-be-EHT-imaged jet base). This is also the scenario we expect from model fits to NGC 4261 (Figure 1); strong 230 GHz fringes detected on a ∼1000 km baseline in our March 2022 EHT observations of this source further supports this. Our current SED fits to other AGN to the right of the blue line in the figure favor the dominance of the accretion flow over the jet in most cases. Thus, as we pursue EHT imaging the the jet base in large ring, relatively low luminosity (as compared to Cen A, or even M87) jets, there is a large possibility that flux from the accretion inflow is detected in, and perhaps dominates, the EHT image in many cases. Super-resolution techniques could constrain black hole ring sizes in targets between the blue and black lines for a ground only ngEHT, and future ground to space VLBI can potentially resolve 10 s (100 s) of black hole rings if the accretion flow, or the receding jet-base, is bright enough.



Our current ‘gold sample’ of VLBI-detected jet bases includes 15 SMBHs (beyond Sgr A* and M87) with ring size ≥ 5  μ arcsec, plus 39 SMBHs with ring size in the range 2–5  μ arcsec. Based on current estimates and SED modelling, there is no reason to rule out an ngEHT goal of constraining ∼5 to 10 black hole shadows, and imaging ∼10–20 jet bases at resolutions of a few tens of R   g  .



While a true exploitation of this sample’s potential requires the ngEHT, we have already commenced observations with the current EHT and GMVA+ALMA. All targets to the right of the blue line in Figure 2 were observed (imaging or fringe tests) in March 2022 with the EHT. All are scheduled be imaged with the GMVA+ALMA in March 2023, and an additional 11 SMBHs with ring diameter ≥1  μ arcsec are scheduled for fringe-test observations (i.e., quick flux determinations) with the EHT in April 2023. Finally, since the March 2022 EHT observations of NGC 4261 showed strong fringes on a ∼1000 km baseline, a full track EHT observation of this is scheduled for April 2023.



It is relevant to mention the future growth of this jet-base sample. Currently, a third of cm-wave VLBI detected sources in ETHER lack redshifts. An additional 20% lack a SMBH mass estimate: assuming a M87-like SMBH for these latter yield shadow sizes primarily in the range ∼0.1–3  μ arcsec. Finally, several VLBI compilations in the literature remain to be ingested into ETHER. The number of potential jet base targets appearing in this figure is thus expected to increase by factor up to two in the coming years, through black hole mass estimates from large surveys, e.g., SDSS-V and 4MOST, and with our own programs. Our programs to obtain higher frequency VLBI (including EHT) observations of the best targets here will allow improvements in our SED model procedure and, thus, 230 GHz flux estimations, and lead to a larger and more reliably identified ‘gold’ sample for the ngEHT.



As our parent sample increases, we require more efficient pathways to confirm model-selected ngEHT targets. Sources with large ring size and promising jet + ADAF fits to observed fluxes at   ν <   43 GHz, are currently being followed up with 43 GHz VLBA snapshot imaging. The combination of 43 GHz VLA and 230 GHz ALMA (or ALMA-ACA) can efficiently survey several hundreds of sources and identify those with ‘sub-mm’ bumps from the ADAF. Snapshot imaging with the (phased-reference) VLBA at 43 GHz or with GMVA+ALMA can then further filter this sample before ngEHT fringe tests are attempted.




3.1.2. ETHER: Accretion Flows


The absence of a bright radio jet does not necessarily imply the absence of a EHT-detectable accretion inflow (Section 1). Pesce et al. [8] posit that massive (  ≥  10  9.5        M ⊙   ), high accretion rate (log   l Edd     ∼ −  1.7 to   − 3  ) SMBHs have the most luminous accretion inflows at 230 GHz. These extreme objects are not in the ‘low-hard’ state, and may not launch powerful jets (Section 1). We thus require to identify 230 GHz bright accretion flow sources independent of the presence of a radio jet or a previous cm-wave VLBI detection of this. It would not be at all surprising if such accretion-inflow-only ngEHT targets eventually outnumber ngEHT targets selected via the presence of VLBI jets (Section 3.1.1). Resolving accretion inflows allow us to access resolved shadows and rings, to obtain constraints on competing accretion models (e.g., MAD or SANE), and detect orbiting hotspots. Detected unresolved accretion inflows are highly useful signposts for other science cases (Section 3.1.3).



We are following two pathways towards identifying accretion-inflow-only ngEHT targets. First, the largest known black hole rings. ETHER currently includes 623 (85) SMBHs with estimated ring diameters ≥ 3  μ arcsec (≥10  μ arcsec), independent of the presence of a VLBI-detected jet. These 623 SMBHs are either in relatively nearby (D ≤ 100 Mpc) galaxies, in central galaxies of galaxy clusters at z ≲ 0.3, or massive broad-line SMBHs at higher redshifts from Rakshit et al. [19]. We are in the process of directly measuring the arcsec-scale 230 GHz flux in all of these. Between the literature and calibrator databases (∼30 SMBHs), our ALMA-ACA programs in the last two years (∼130 SMBHs), and programs proposed to the SMA (currently ∼100 SMBHs), we are less than half-way through this process, though new candidates are added as ETHER grows. Leaving aside VLBI detected galaxies (addressed in Section 3.1.1), we have thus far detected 35 targets with 230 GHz fluxes between ∼1 and 22 mJy at resolutions of 1” to 5”. The remaining are not detected at 3 σ  upper limits of ∼1–2 mJy. The detected sources require to be observed at higher resolution (e.g., ∼50 mas with the ALMA 12 m array), before clearer statistics, and a ‘gold sample’ emerge. Further, we are still highly incomplete in large diameter rings (Figure 4) even in the local universe, so this sample of large rings without jets is expected to grow significantly in the coming years (see below).



Second, for future larger samples of large ring SMBHs, and ngEHT-bright accretion flow SMBHs across all ring diameters, direct arcsec-resolution all-sky mm surveys to identify the few hundreds of EHT science targets are impossible (Section 1). While detailed 1-D models, e.g., [4] and full GRMHD models, e.g., [47] of the accretion inflow exist, applying these to millions of SMBH with sparse data is currently not feasible. We, thus, commence with the relatively simple analytical model of Pesce et al. [8] which requires only two user parameters—SMBH mass and accretion rate—to predict the combined synchrotron, inverse Compton, and thermal emission from the accretion inflow (see Section 2). High-resolution data points at frequencies higher than mm-wave are best used to constrain the ADAF SED, since cm-wave fluxes are dominantly from the jet and other galaxy components. Hard X-ray fluxes are an ideal solution since even at resolutions of 1–10” the bulk of the emission is expected to come from the SMBH environs, and for log   l Edd     ≲ − 2   it is likely that a significant fraction of this originates in the accretion inflow rather than a corona.



Currently, we have hard X-ray fluxes and SMBH mass estimates for ∼16,800 ETHER galaxies. We fit analytical ADAF models to all of these in order to predict the 43 to 345 GHz fluxes from the ADAF. Figure 5 shows preliminary results of our observed 230 GHz fluxes (red and blue points) and predicted 230 GHz fluxes from the ADAF fits (green points) and compare them with the ADAF fluxes predicted from the analytic models for three specific (and one illustrative) SMBHs over a range of redshifts. We should immediately note that most high redshift 230 GHz fluxes are ALMA Calibrator Database flux measurements of known cm-wave VLBI sources (blue points in the figure). In most of these we expect that the jet, rather than accretion inflow, dominates the 230 GHz flux, and this is borne out by our SED model fits. Even when we assume that all the hard X-ray flux originates in the ADAF the predicted 230 GHz ADAF fluxes are significantly lower than the measured arcsec-scale fluxes. These bright jet sources are thus best modelled with a combined jet plus ADAF model, though an additional complication is contamination from dust emission in the 1 to 5” beam of the 230 GHz flux measurements.



At D ≤ 400 Mpc, we see a larger overlap between arcsec-scale measured and mas-scale ADAF-predicted 230 GHz fluxes. In the few test cases where the mm-wave flux is measured at sub-arcsec resolution, and there is no indication of a cm-wave jet, we obtain a factor ∼5 agreement. We clearly require a larger sample of jet-free, or weak-jet, cases to best determine the precision of our ADAF-only estimates. Our ongoing ALMA (and proposed SMA) programs to observe large-ring galaxies without evidence for cm-wave jets (see above), together with hard X-ray fluxes from eROSITA will increase our test sample size by factor ≳10–100 and allow refinements and consistency tests in these model predictions. Future improvements also include the use of SEDs from full (scaled) GRMHD modelling of accretion inflows, and/or fine tuning of the Pesce et al. [8] models.



Our identification of accretion-inflow-only bright targets for the ngEHT is very much at an initial stage. Current results favor the requirement of a ngEHT detection threshold of a few mJy, even for studies of unresolved accretion inflows. However, there are several reasons we expect the sample to expand by factor ∼10 to 50. First, eROSITA expects to detect ∼1 million hard X-ray sources in their all sky survey (first data release scheduled for March 2023), with ongoing SDSS-V and future 4MOST spectroscopic follow-ups to determine black hole masses of eROSITA detections. Massive SMBHs with relatively high accretion rates are expected to have ADAFs bright in both the hard X-ray and at 230 GHz (see above and [8]), so that the eROSITA selection, and posterior SED modelling with ADAFs, is an especially promising pathway to select ngEHT targets in the coming years. Further, our current ETHER SMBH mass function (Figure 4) remains incomplete at the high mass end, even in the local universe. Filling in this deficit, via additional WISE- and 2MASS-derived SMBH estimates, plus other (and ours) spectroscopic and photometric programs, will allow an increase in our target samples.




3.1.3. ETHER: Other Science Cases


The ngEHT will pursue several science cases in varied targets independent of their linear resolution in R   g   scales, e.g., using the emission from the jet base and/or accretion inflow as signposts (e.g., the search for resolved binary supermassive black holes in their gravitational emitting phase) or to better constrain multi-wavelength and multi-messenger phenomena.



Figure 6 shows the predicted 230 GHz EHT flux (the same extrapolation used in Figure 2) but this time as a function of linear resolution at the redshift of the SMBH. The EHT has a sub-0.2 pc resolution across the universe, and can uniquely resolve binary SMBHs during their gravitation wave emitting inspiral. Here we once more only plot VLBI-detected SMBHs and use an estimated flux of the jet base. The future addition of additional VLBI-detected SMBHs and also bright ADAF-only sources will significantly increase the number of SMBHs in this figure.



There are currently ∼160 binary SMBH candidates in ETHER, as identified by diverse methods for a review, see [48]. Only about 10, e.g., [49,50,51] come from direct VLBI imaging of multiple potential SMBHs. The majority of posited binary SMBHs come from the interpretation of periodic flux variability, e.g., [52,53], double velocity components in the Narrow, e.g., [54] or Broad, e.g., [55] line region. X-shaped radio sources are also candidates [56]: while the X-shape can be explained by the characteristics of the spin axis of a single SMBH, they could also potentially be produced by binary SMBH. Additionally, Ref. [57] have identified the nearby galaxies most likely to host binary SMBHs based on simulating their merger history.



An analysis similar to that of single SMBHs in ETHER, but including a statistical treatment of the SMBH mass ratio, is being used to select the best candidates for ngEHT monitoring surveys. The Vera C. Rubin Observatory will enable extensive studies of periodic flux variability, and is thus expected to significantly enlarge the sample of binary black hole candidates. The ETHER database will provide a pathway towards identifying the subset of these which are best observable with the ngEHT.





3.2. ETHER: Querying and Usage


The ETHER database and server is currently being prepared for release on a dedicated server via a Python interface. The tabulated searchable data will include: (a) basic source data including position, distance, redshift, AGN type, galaxy morphological type; (b) the best available (and the WISE-based) black hole mass estimate, plus errors and quality flags, the estimated shadow size and linear resolution at the SMBH angular distance, the estimated stellar mass and star formation rate, and the AGN bolometric luminosity; (c) fluxes at all typical VLBI frequencies, and at hard X-ray and  γ -ray; and (d) model predicted ADAF-only and jet and ADAF fluxes at ngEHT frequencies. For proper attribution of credit, all user outputs will contain easy-to-use references (in ‘bibtex’ and equivalent formats) for data ingested from the literature or other databases. Each source will additionally link to files containing its full SED data, and the model parameters and SEDs of the best-fit ADAF and jet+ADAF models.



The database interface will support two types of usage: (a) cross-matching to a list of names or positions. This interface will match targets to the existing database and return tabulated data, model results, and figures. In case input positions are not matched to the database, the server will generate Python-based ‘astro-queries’ to relevant databases and virtual observatories, run relevant models, and incorporate the new data into the database and the returned results; and (b) exploration of the current database, using a GUI with multi-parameter filters in order to obtain specific sub-samples of science targets.



In the future, the database will be interfaced to other ngEHT simulation tools currently in development, so that observing constraints and optimizations can be taken into account when choosing a final sample.





4. Discussion


Figure 3 combines the results of our previous sections to show a more comprehensive view of (the current status of) the ngEHT target pool. We emphasize that this figure is illustrative and preliminary: many data-points in the figure come from low-resolution fluxes, model predictions, and extrapolations still undergoing refinement. On the positive side, our parent sample will grow significantly in the coming years (we expect a factor at least two for jet sources and factor ∼10–50 for accretion-only inflow sources, see Section 3.1.1 and Section 3.1.2).



Jet-base targets for the EHT (cyan circles)—whose brighter subset are seen in more detail in Figure 2—primarily cluster at expected EHT 230 GHz fluxes of 2 to 30 mJy, and expected ring diameters of 0.005 to 0.5  μ arcsec. While these are identified via their cm-wave VLBI jet emission, note that in M87 the EHT showed that the 230 GHz nuclear emission is dominated by accretion inflow rather than jet base [5]. Remaining SMBHs with observed arcsec-scale resolution 230 GHz fluxes are shown in red. Here, those at smaller ring sizes are primarily bright sources from the ALMA Calibrator database (and likely dominated by jet emission at 230 GHz) but also include weaker sources: those at the largest ring sizes come primarily from our ongoing ALMA-ACA programs to directly measure 230 GHz fluxes. In the latter, the ∼5 arcsec resolution of ALMA-ACA means that the fluxes are potentially contaminated by dust from the host galaxy, so future ∼50 mas resolution ALMA observations of the brighter detections will be required to confirm their ADAF origin. For several hundred SMBH with large ring sizes, we currently do not have an accurate path towards estimating 230 GHz fluxes. Those at estimated ring sizes ≥ 2  μ arcsec are shown as blue circles (with an arbitrary flux value in the y axis in Figure 2): the number of these SMBH increases rapidly below this ring size but we do not show them to avoid crowding on the plot. These SMBH—divided roughly equally between nearby galaxies and high-z galaxies with large SMBH mass estimates from Rakshit et al. [19]—are the targets of our ongoing ALMA/ACA and SMA (proposed) programs. Finally, SMBH with 230 GHz fluxes predicted from our ADAF-only models are shown with green. Currently, these cluster at predicted fluxes of ≲10 mJy.



The cumulative histograms of ring sizes in the current ETHER sample are shown in the right panel of Figure 7. While the cumulative distribution (red) shows >10 rings already resolvable, in principle, by the EHT, and rises quickly to smaller shadows, the subset previously detected at mas-scales at   ν > 40   GHz (primarily jet-base candidates) significantly lags behind. Two factors contribute to this effect: (a) intrinsically weak radio emission at all frequencies from the innermost SMBH environs—as evidenced by across the board low fluxes at lower spatial resolutions, and (b) the lack of high resolution—and in many cases any resolution—mm-wave observations of many sources. In these sources, weak cm-wave fluxes (from a jet base) does not necessarily imply weak mm-wave fluxes (from the accretion inflow). As described in the previous sections, we are actively attempting to mitigate the second factor. Further, flux monitoring of SMBH in the former sub-class may reveal new targets due to variability, which is not uncommon in the mm [58].



The cumulative distribution of detectable accretion inflows (ADAFs) remains to be determined, as we are in the initial phase of this pathway (see above, and Section 3.1.2). The cumulative distribution of sources with measured or expected flux ≥ 10 mJy are shown in red. These should be treated with caution: the number of AGN with 230 GHz fluxes predicted from hard X-ray fluxes and ADAF models will increase by factor ∼100 with eROSITA and SDSS-V, while the current measured 230 GHz fluxes will likely decrease as higher resolution observations are obtained. The cumulative histogram of sources with measured 230 GHz flux smaller than 10 mJy is shown in green. Clearly, even at large black hole ring sizes, the many targets lack a 230 GHz measured flux, at any resolution, or a flux prediction via ADAF models. Our ongoing ALMA, and proposed SMA, programs aim to obtain fluxes for all with estimated ring size ≥ 2  μ arcsec.



The millions of black hole mass estimates used in ETHER come from diverse methods, including our automated WISE-based estimations, with varying random and systematic errors. Detailed manual analysis of existing data, and new data, will be (and is being) used to refine these black hole mass estimates for specific targets which enter our ngEHT ‘Gold Samples’.



In conclusion, the ETHER sample and database consolidates data and model predictions of all potential ngEHT candidates independent of science case. It also provides pathways towards determining the factability of ngEHT observations of any given new source. While we expect the sample to expand significantly (factor ∼10–50 for accretion-inflow-only targets, and ∼2 for known cm-wave VLBI jets) we have already identified a ‘gold sample’ for ngEHT jet base and potentially black hole shadow studies, and have commenced to observe these with the existing EHT.
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Figure 1. Spectral energy density plots contrasting two ETHER galaxies with known cm-wave nuclear jets: NGC 4261 (left) and NGC 1218 (3C 78; right). Red (grey) points indicate high (low) resolution flux measurements. For illustration, the cm-wave and hard X-ray data are fit with a scaled jet [4] and analytic ADAF model [8]. Vertical dotted lines indicate the current EHT observing frequency (230 GHz), and the hard X-ray band. For NGC 4261, the fitted jet component (blue) dominates at cm-waves while the ADAF component (green) is expected to dominate at 230 GHz. For NGC 1218, the jet is expected to dominate the 230 GHz EHT flux. We aim to systematically predict the EHT fluxes from the ADAF and jet base in ETHER galaxies using a SMBH mass estimate, hard X-ray flux (e.g., eROSITA), and, if a jet is present, high frequency VLBI observations. For SMBH with ring size ≥ 3  μ arcsec, direct 230 GHz imaging with ALMA and SMA is also being pursued. 
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Figure 2. The estimated 0.1-mas-scale flux from the jet base when observed at 230 GHz with the EHT as a function of ring size (i.e., 10.4 R   g  ) for brighter VLBI-detected SMBH in ETHER. The intrinsic resolution of ground EHT, geostationary orbit to EHT, and L2 orbit to EHT will resolve the rings to the right of the black, blue, and red lines, respectively. Red, blue, and cyan symbols denote galaxies already observed with the EHT, with 43–86 GHz VLBI, and with <40 GHz VLBI, respectively. Circles (triangles) are used for SMBH mass measurements (estimations), and as a special case, our WISE-based SMBH mass estimations are shown with squares (see text). 
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Figure 3. As in Figure 2 but this time with a larger axis range, and plotting additional SMBHs. The points of Figure 2 (VLBI-detected) are now all plotted as cyan circles: these represent the expected flux from the jet base; the EHT flux will be higher if a significant ADAF component is present. For other SMBH, we plot the following fluxes, in order of availability: (a) SMBH with observed 230 GHz fluxes at arcsec-scales are plotted in red. No flux corrections for resolution are applied; (b) SMBH with observed-frame 230 GHz flux estimated from the ADAF-only models of Section 3.1.2 are plotted in green; (c) galaxies with an SMBH estimate, but none of the above, are plotted in blue at an arbitrary y axis value. 
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Figure 4. Left: summary statistics of the current ETHER sample. The number of SMBHs with black hole mass estimations, redshifts in AGN catalogs, and high (mas) resolution or high (≥230 GHz with few to 20” resolution) frequency radio fluxes are shown, together with their intersections. Right: the black hole mass function in ETHER for shells of width 20 Mpc at distances of 10 to 290 Mpc, following the color bar on top. For reference the z = 0 ‘low’ and ‘high’ theoretical mass functions adopted by [8] are shown in dashed lines. 
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Figure 5. Measured (red and blue points) and model-predicted (green points) 230 GHz fluxes as a function of redshift (lower axis) and distance (upper axis). Blue points are used for SMBH with known cm-wave VLBI detections, i.e., AGN with compact jets. Green points show the expected flux from the analytic model of Pesce et al. [8] given our SMBH mass estimate and a measured hard X-ray flux (presumed to come only from the ADAF). The evolution of the ADAF flux with redshift—using the Pesce et al. [8] models—for SgrA*, M87, and NGC4649, and an illustrative extreme high-mass high-accretion-rate SMBH—are shown in colored lines following the legend on the panel. Details can be found in Arratia et al., in prep. 
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Figure 6. The estimated 230 GHz flux from the jet base—for VLBI detected sources only—as a function of linear resolution of the EHT assuming a 15  μ arcsec angular resolution: the EHT has a sub 0.2 pc resolution across the universe. EHT-Geo and EHT-L2 baselines would increase this by factor ∼4 and ∼130, respectively. Symbols are colored by redshift following the color bar, and some individual galaxies are named in uncrowded regions of the plot. Vertical striations are primarily due to redshifts with few significant digits in Véron-Cetty and Véron [33]. We expect to add a significant number of additional sources on this plot, both from new cm-VLBI detections, and for AGN with a bright accretion inflow. 
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Figure 7. Cumulative histograms of ‘ring’ sizes in the ETHER sample. The intrinsic 15  μ arcsec resolution of ground EHT, geostationary orbit to EHT, and L2 orbit to EHT at 345 GHz will resolve the rings to the right of the black, blue, and red lines, respectively. The cumulative histogram of all 230 GHz flux measurements, and all 230 GHz flux measurements greater than 10 mJy, are shown with the red solid and dashed lines, respectively. 
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