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ABSTRACT

We report the discovery of the ‘mm fundamental plane of black hole accretion’, which is a tight correlation between the nuclear
1 mm luminosity (L, mm), the intrinsic 2—-10 keV X-ray luminosity (Lx 2-19) and the supermassive black hole (SMBH) mass
(Mgy) with an intrinsic scatter (o) of 0.40 dex. The plane is found for a sample of 48 nearby galaxies, most of which are
low-luminosity active galactic nuclei. Combining these sources with a sample of high-luminosity (quasar-like) nearby AGN, we
show that the plane still holds. We also find that My correlates with L, mm at a highly significant level, although such correlation
is less tight than the mm fundamental plane (o, = 0.51 dex). Crucially, we show that spectral energy distribution (SED)
models for both advection-dominated accretion flows (ADAFs) and compact jets can explain the existence of these relations,
which are not reproduced by the standard torus-thin accretion disc models usually associated to quasar-like AGN. The ADAF
models reproduces the observed relations somewhat better than those for compact jets, although neither provides a perfect fit.
Our findings thus suggest that radiatively inefficient accretion processes such as those in ADAFs or compact (and thus possibly
young) jets may play a key role in both low- and high-luminosity AGN. This mm fundamental plane also offers a new, rapid
method to (indirectly) estimate SMBH masses.

Key words: black hole physics — galaxies: active — galaxies: nuclei —submillimetre: galaxies — X-rays: galaxies.

1 INTRODUCTION

The many details of the processes regulating the connection be-
tween the growth of central supermassive black holes (SMBHs)
and the evolution of their host galaxies (so-called ‘co-evolution’;
e.g. Kormendy & Ho 2013) are still poorly understood (e.g.
D’Onofrio, Marziani & Chiosi 2021). Understanding the physics of
accretion on to SMBHs, determining if and how it changes in objects
with different types of nuclear activity, as well as setting accurate
constraints on fundamental SMBH properties such as its mass, are all
crucial steps to get a comprehensive view of the SMBH-host galaxy
interplay.

The so-called ‘fundamental plane of BH accretion’ (heareafter
FP) is an empirical correlation between the SMBH masses (Mpy),
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5 GHz radio (Lsgn,), and 2—10 keV X-ray (Lx »-10) luminosities,
which was initially reported by Merloni, Heinz & di Matteo (2003)
and Falcke, Kording & Markoff (2004). The origin of the FP is still
debated, but it is widely believed to carry information on the physics
of SMBH accretion (see e.g. Giiltekin et al. 2019a). However, the
scatter around this correlation varies significantly depending on the
sample and the method used to fit the plane, reaching values up
to 0.88 dex (e.g. Merloni, Heinz & di Matteo 2003; Giiltekin et al.
2009, 2019a; Plotkin et al. 2012; Saikia, Kording & Falcke 2015, and
references therein). Furthermore, the nature of the radio emission in
the FP is not yet well-understood (potentially arising from compact
jets or complex shock dynamics). All the above somehow limit the
diagnostic power of the FP.

In this Letter, we report the discovery of an FP at millimetre
wavelengths, namely the existence of a tight correlation between the
nuclear (i.e. <100 pc) mm luminosities (L, mm), Mpu, and intrinsic
Lx 2 109, which we find to hold for both high- and low-luminosity
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AGN (within z < 0.05). We also present the analysis of the physics
underlying such correlation, and discuss how our results may have
profound implications for our understanding of BH accretion in
different AGN types.

2 PRIMARY SAMPLE AND DATA

Our sample was primarily drawn from the mm-Wave Interferometric
Survey of Dark Object Masses (WISDOM) project, which mainly
exploits high-resolution Atacama Large Millimeter/submillimeter
Array (ALMA) CO observations to dynamically estimate SMBH
masses in a varied sample of galaxies (e.g. Davis et al. 2017).
We included 31 WISDOM galaxies (see online material) at z <
0.03, spanning a range of AGN bolometric luminosities (Ly, =
10*1 — 10% erg s!) and mostly (but not exclusively) having very
low rates of accretion onto their central SMBHs (M < 1073 Mgyg;
Elford et al. 2023). As such, most of these objects are classified as
low-luminosity AGN (LLAGN; Ho 2008). To increase the statistics,
we supplemented these 31 with a further 17 galaxies (see online
material), selected from the literature to have dynamical SMBH
masses, existing high-resolution ALMA 1 mm and high-quality X-
ray data. The majority of these are nearby ellipticals and span ranges
of Ly and M similar to those of the WISDOM sources. Hereafter,
we refer to the 31 WISDOM plus 17 literature sources as the primary
sample.

The 1 mm luminosities of the primary sample sources were
derived from high-angular-resolution ALMA Band 6 continuum
observations, taken between 2013 and 2021 as part of a large
number of projects (see online material). All data were reduced using
the Common Astronomy Software Applications (CASA) pipeline
(McMullin et al. 2007), adopting a version appropriate for each data
set and a standard calibration strategy. For more details on the data
reduction see Davis et al. (2022).

For each data set, continuum images were produced by combining
the continuum spectral windows (SPWs) and the line-free channels
of the line SPW (when included) using the CASA task TCLEAN in
multifrequency synthesis (MFS) mode. The resulting continuum
maps have synthesised beams ranging from 0.”042 to 0."723,
corresponding to 6330 pc (average spatial resolution ~25 pc). For
each source, we measured the continuum flux density f;,, from the
innermost synthesised beam, coincident with the galaxy core. The
mm luminosities were then estimated as L, ym = 471fommv0bs,
where Dy is the luminosity distance and v, the observed frequency
(between 231 and 239 GHz). As all the data were obtained with long-
baseline configurations, extended dust emission is resolved out. We
indeed typically detect only a point-like source at each galaxy centre,
arising from unresolved core emission. In three (out of 48) galaxies,
the emission is slightly resolved, making our measurements more
uncertain. Removing these three objects, however, does not affect
our results in any way. The obtained L, n, are listed in Table 1 of
online material.

The intrinsic (absorption-corrected) 2-10 keV luminosities
(Lx,2-10) of the primary sample sources were retrieved from the
literature, as detailed in Elford et al. (2023). In short, eight of these
galaxies have no X-ray data available and were thus not considered
in the parts of the analysis where Lx »_jo was required. For the vast
majority of the objects with X-ray data (33/40), the adopted Lx > 10
was derived from Chandra observations, including only emission
from the unresolved AGN core. For most of the Chandra-observed
objects (26/33), accurate (intrinsic) nuclear Lx , jo were retrieved
from the catalogue of Bi, Feng & Ho (2020, see also online material).
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Dynamically determined SMBH masses (from stellar, ionized gas,
molecular gas, and/or maser kinematics) are available for a total of
31 primary sample sources (see online material). For the remaining
17 galaxies, we estimated Mgy using the Mgy — o, relation of van
den Bosch (2016), where o, is the stellar velocity dispersion within
one effective radius. This was retrieved from the compilations of
van den Bosch (2016) and Cappellari et al. (2013) when available,
from the HyperLeda data base otherwise (http://leda.univ-lyonl.fr).
Crucially, although constructed based on data availability only (and
thus not meant to be complete in any statistical sense), our primary
sample spans four orders of magnitude in SMBH mass.

3 THE MM FUNDAMENTAL PLANE

As illustrated in Fig. 1 (left panel), the SMBH masses of our primary
sample galaxies strongly correlate with their L, nm. A power law was
fitted to the observed trend, using the LTS_LINEFIT routine (Cappellari
et al. 2013). This combines the least-trimmed-squares (LTS) robust
regression technique (Rousseeuw 1984) with a least-squares fitting
algorithm, and allows for intrinsic scatter and uncertainties in all
coordinates. The resulting best-fitting power law is

M Ll) mm
logyq <M—'§> = (0.79 + 0.08) {logw (@> _ 39}

+(8.2+0.1), (L

with an observed scatter (o ) of 0.55 dex and an estimated intrinsic
scatter (0'in) 0of 0.51 & 0.08 dex. When including Ly ,_10, we discover
the existence of a tighter correlation (Fig. 1, right panel). In this case,
we used the LTS_PLANEFIT routine (Cappellari et al. 2013) to find the
best-fitting plane in the (log Mgy, log Lx 2-10, log L, mm) space

M Lo
log,, < MBH) = (—0.23 +0.05) {loglo ( X2 ‘10) - 40]
o) ergs™

Lv mm
+(0.95 £0.07) {loglo (ergT) - 39:|

+(8.35 +£0.08), @)

with o s = 0.45 dex and o, = 0.40 £ 0.07 dex. We verified that
this multivariate plane fit provides a significantly better predictor for
Mgy than the simple line fit, having a Agjc > 10 (where Agjc is
the difference in the Bayesian information criterion between the line
and plane fits). For both correlations, we also performed Spearman
rank analyses to quantify their statistical significance, and show the
resulting correlation coefficients in the top left corner of each panel
of Fig. 1. Since the nuclear mm and X-ray emission from AGN is
known to be time variable (typically by a factor of 2-3 over year
time-scales; Prieto et al. 2016; Fernandez-Ontiveros et al. 2019;
Behar et al. 2020), variability likely dominates the observed scatters
(and thus the underlying correlations may be tighter). By analogy
with the previous FP, we dub the correlation in the right panel of
Fig. 1 as the ‘mm fundamental plane of BH accretion’ (hereafter
mmFP).

We note that the error budget of the derived L, nm is dominated
by the ALMA flux calibration uncertainties (=10% for Band 6 data).
These are, however, much smaller than the estimated intrinsic scatters
of the correlations in Fig. 1 (see above), and thus have a negligible
impact on our results. We also note that the Lx i of the five X-ray
observed sources without available Chandra data could be slightly
overestimated, due to contamination from diffuse hot gas in the
galactic and circumgalactic medium (CGM; although this mainly
emits in the 0.3-2 keV range) and/or X-ray binaries. While we
verified that any such contamination should be minimal (based on the
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Figure 1. Correlation between Mgy and L, mm (left panel) and edge-on view of the Mpu—Lx, 2-10—L,, mm correlation (right panel) for the primary sample
galaxies. In both panels, filled blue circles show sources with dynamical My measurements, open circles sources with Mgy from the Mgy — o, relation of
van den Bosch (2016). Error bars are plotted for all points but some are smaller than the symbol used. The best-fitting power laws are overlaid as a black solid
lines, the observed scatter as black dashed lines. The correlation coefficients p and p-values of the performed Spearman rank analysis are reported in the top left

corner of each panel.

scaling laws of Grimm, Gilfanov & Sunyaev 2003, Kim & Fabbiano
2004, and Boroson, Kim & Fabbiano 2011), we cannot rule it out
entirely. In any case, removing these five sources does not make any
relevant change in the best-fitting parameters of the mmFP. The same
applies when removing the sources without a robust, dynamical Mgy
estimate (the best-fitting line and planes are identical, within their
respective errors, and the observed scatters become only slightly
smaller).

3.1 BASS galaxies

Although the majority of the primary sample galaxies are LLAGN,
a handful are more luminous systems (see Elford et al. 2023), which
still follow the mmFP. To investigate whether this result holds more
generally, we built a comparison sample from the Swift-BAT AGN
Spectroscopic Survey (BASS), comprizing AGN with median z =
0.05, Lyoy = 10* erg s™!, and M = 0.01 — 0.1Mgqg (Koss et al.
2017). We included only the BASS sources for which both ALMA
1 mm observations (with spatial resolutions similar to those of the
primary sample) and nuclear intrinsic Lx , 1o were available (88
sources; Kawamuro et al. 2022). The SMBH masses of these objects
were taken from the compilation of Koss et al. (2022). The BASS
galaxies are typically more distant than those in the primary sample,
so their Mgy have been estimated with a variety of methods (see
Fig. 2). However, most of the sources (50/88) have their Mgy from
the Mgy — o, relation of Kormendy & Ho (2013). We recalibrated
these measurements using the Mgy — o, relation of van den Bosch
(2016), for consistency with the 17 primary sample sources without
a dynamical SMBH mass estimate.

As illustrated in Fig. 3(b), the BASS sources are in agreement
with the best-fitting mmFP, albeit with a larger observed scatter.
We performed a Spearman rank analysis to quantify the statistical
significance of this relation for the BASS points alone, and verified
that they do show a significant correlation (p = 0.002), but with a
correlation coefficient (p = 0.32) smaller than that of the primary
sample. Fig. 2 suggests that the larger scatter in this population is
(at least partly) driven by the Mpy uncertainties, as the position
of a BASS galaxy with respect to the best-fitting mmFP depends
on the method used to estimate its Mpy. For instance, sources
with Mgy from reverberation mapping or broad-line methods are
located systematically below the best-fitting line, likely reflecting

MNRASL 528, L76-L82 (2024)
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Figure 2. Residuals of our primary sample (grey shaded region) and BASS
sources (white region) from the best-fitting mmFP, plotted as a function
of the SMBH mass measurement method. ‘Dyn’ refers to dynamical mass
measurements, ‘o’ to estimates from the Mgy — o, relation of van den Bosch
(2016), ‘Ha/H B’ to the broad-line method and ‘Reverb’ to reverberation
mapping. Each set of data points is represented by a violin describing the
underlying distribution. The number of sources in the mmFP whose Mgy has
been estimated using that particular method is indicated above each violin. In
each case, the blue horizontal lines denote the 18, 50, and 85 percentiles
of the distribution.

the different biases in place when using such techniques (e.g. Farrah
et al. 2023).

4 PHYSICAL DRIVERS

The fact that the BASS galaxies are consistent with a relation
primarily defined by LLAGN is surprising. To determine the un-
derlying physics, we compared the observed nuclear mm and X-
ray luminosities of both the primary sample and BASS sources to
those extracted from mock nuclear SEDs arising from both ‘classic’
and radiatively-inefficient (ADAF-like) accretion flows, and from
compact radio jets.

4.1 Torus model

AGN in the BASS sample (and a few in the primary sample) have
estimated accretion rates in the range M ~ 0.01 — 0.1 Mggq. Accord-
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Figure 3. (a): Correlation between Lx, 219 and L, mm for the primary sample
(blue circles) and the BASS (square symbols, coloured by their Lyo) sources.
Error bars are plotted for all points but some are smaller than the symbol used.
The black grid illustrates the area covered by the ADAF model solutions
as a function of Mgy and the Eddington ratio L/Lgg4q (Section 4.2). The
purple—yellow coloured bins indicate the region covered by the extrapolated
SKIRTOR torus models (Section 4.1), where each hexagonal bin is coloured
by the mean Ly of the sources within that bin. (b): As the right panel of
Fig. 1, but with the BASS galaxies overlaid as green squares and the grid of
ADAF models from Fig. 3 (a) projected onto the plane as a grey shaded area
(including a small offset for clarity; see Section 4.2).

ing to the standard paradigm, in this type of systems the accretion
should occur through the classic geometrically-thin and optically-
thick accretion disc surrounded by a dusty torus (e.g. Heckman &
Best 2014). In this scenario, both the mm and the 2—-10 keV emission
are expected to arise from the accretion disc, reprocessed by dust in
the torus in the mm and Compton-up scattered by the hot corona in
X-rays. To check if this type of model can reproduce the observed
mm and X-ray luminosities, we used the SKIRTOR library (Stalevski
etal. 2012, 2016). The SED models were retrieved from the SKIRTOR
webpage (https://sites.google.com/site/skirtorus/), but their spectral
coverage (from 300 GHz to 1.24 keV) is slightly shorter than that
required for this work. We thus expanded the models to the full
range of wavelengths probed here, treating the emission mechanisms
self-consistently as prescribed in the original version of the code
(i.e. using the same grey-body curve for millimetre emission, and a
power law in the X-ray regime; Yang et al. 2020). We followed the
prescriptions of Stalevski et al. (2012, 2016) to scale the models for
different Ly, in the range 107°-10'23 L, (i.e. the range covered by
the primary and BASS sources; the torus is expected to disappear at
low accretion rates, but the resulting model predictions are neverthe-
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less instructive). For each SKIRTOR SED model, we then extracted
the predicted 1 mm (specifically, the luminosity at 237.5 GHz, that
is the median ALMA continuum frequency for both the primary and
BASS sources) and intrinsic 2—-10 keV luminosities, and compared
them with the measured ones. The resulting predictions are shown
in Fig. 3(a) as a hexagonally binned histogram (coloured by mean
Lio1). The luminosities extracted from the torus models reasonably
reproduces the slope of the Lx > 10 — Ly, mm relation of the BASS
sources, but with an offset of about two orders of magnitude at a
given Lyo;. On the other hand, to explain L, mn of the lower accretion
rate galaxies, the mm luminosities in the SKIRTOR models would need
to be at least four orders of magnitude larger at a given accretion rate
(and thus X-ray luminosity).

4.2 ADAF model

To build model SEDs arising from radiatively-inefficient accretion
flows around SMBHs, we used the ‘LLAGN’ model of Pesce et al.
(2021, itself a development of previous models by Narayan &
Yi 1995a; Mahadevan 1997). In typical LLAGN and some (low-
accretion rate) Seyferts, the classic accretion disc is either absent or
truncated at some inner radius (the transition usually happens beyond
a few tens of Schwarzschild radii), and replaced by a geometrically-
thick two-temperature structure in which the ion temperature is
greater than the electron temperature and the accretion occurs at
rates well below the Eddington limit (i.e. <0.01 Mgaa: Narayan & Yi
1995b; Ho 2008). The electrons in such radiatively-inefficient flows
(such as advection-dominated accretion flows; ADAFs) cool down
via a combination of self-absorbed synchrotron, bremsstrahlung, and
inverse Compton radiation, which together give rise to the nuclear
SED from the mm to the X-rays. The LLAGN model adopted here
solves for the energy balance between the heating and cooling of
the electrons in the flow. We generated a set of model SEDs for a
grid of SMBH masses (10°-~10'° M) and Eddington ratios (10~7—
1072), while all the other free parameters were kept at the defaults
discussed in appendix A of Pesce et al. (2021). We then extracted
the predicted 237.5 GHz and 2—10 keV luminosities, as described
above. As illustrated by the shape of the model grid in Fig. 3(a),
the mm and X-ray luminosities of all the sources (and thus the
observed correlations) are well explained if they arise from an
ADAF-like accretion mechanism. The grid is almost aligned with
the axes, thus predicting that the mm luminosity primarily depends
on Mgy, while Lx , 1o primarily traces the Eddington ratio. The
tighter correlation obtained when including Lx_»_1 can be explained
by the fact that the slight tilt of the grid is then taken into account,
especially at higher Eddington ratios. A 3D version of Fig. 3(a)
(including all the primary sample and only the BASS sources with
the most robust, dynamical Mgy measurements; see Section 3.1 and
Fig. 2) is provided as supplementary online material. In Fig. 3(b), we
show the projection of the ADAF model grid on to the best-fitting
mmFP. This latter seems to arise naturally from these models, as
an (almost) edge-on view of the 3D Mpy-Lx, 2-10-L,, mm relation. We
note, however, that keeping the default model parameters from Pesce
et al. (2021), the model well predicts the gradient of the mmFP, but
is offset by a small amount (i.e. the model overpredicts L, nm at a
given SMBH mass by ~0.5 dex). Tweaking the model parameters
to reduce the effective radiative efficiency easily removes this offset
(e.g. by changing some combination of the effective viscosity, ratio
of gas to magnetic pressure, fraction of viscous heating going directly
to the electrons, outer radius of the ADAF, and/or power-law index
of the mass accretion rate as a function of radius). However, as the
correct values of these parameters are not well-constrained, here we

MNRASL 528, L76-182 (2024)
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grids overlaid in black and green illustrate the areas covered by the compact
jet model solutions as a function of Mgy and the jet power, for jet inclinations
of 2.5° and 90°, respectively. Solutions with intermediate inclinations lie
in-between these two extremes (see Section 4.3).

simply offset the model grid by a constant 0.5 dex in SMBH mass
to align it with the observed correlation. We stress that this scaling
factor is significantly smaller than the one required for torus models
to reproduce the observed trend (see Section 4.1), and is well within
the uncertainties for the adopted model parameters (see Pesce et al.
2021). Future work exploring the parameters of ADAF-like models
in sources with more extensive (sub-)mm coverage will allow to
better understand the observed correlation, the small offset, and the
physics of accretion onto these SMBHs. This is discussed further in
Section 5.

4.3 Compact jet model

Unlike extended jets (where the synchrotron emission is optically
thin), compact radio jets have self-absorbed synchrotron spectra
(similar to those from ADAFs) and have been argued to dominate
the nuclear SEDs of LLAGN. In some cases, they are preferred over
a pure ADAF solution, as this would be overly luminous at near-
infrared and optical wavelengths (e.g. Fernandez-Ontiveros, Lépez-
Lépez & Prieto 2023). To determine if compact jets can explain the
observed trends, we used the BHIET model of Lucchini et al. (2022).
We fixed most of the model parameters to the values found for M81, a
prototypical AGN with compact jets (Model B in table 3 of Lucchini
et al. 2022), and generated a grid of models varying the SMBH mass
(10°-10'° M), jet power (107>°-107%3 Lgyy) and jet inclination
to the line of sight (2.5°-90°). We then extracted from the resulting
model SEDs the predicted L, mm and Lx 2.1 (as above), and compare
them with the observed ones. In Fig. 4, we show the Lx 710 — Ly, mm
relation with overlaid the resulting model grids for the extremes in
jet inclination (2.5° and 90°). Jets at intermediate inclinations lie
between these two extremes (but evolve quickly towards the i = 90°
solution once the line-of-sight is no longer aligned along the jet cone).
The model grids encompass the majority of the LLAGN and some
BASS sources, but they have significant curvature in the 3D Mpy-
Lx 2-10-Ly, mm space (as for Fig. 3a, a 3D version of Fig. 4 is provided
in the online material). The correlations in Fig. 1 do not seem to occur
naturally within this model (as projections of the higher-order surface
on to the axes). The luminosities of high-accretion-rate AGN from
the primary and the BASS samples are harder to explain with these
models, and would require additional X-ray emitting components.
This is perhaps unsurprising, as compact jet models are substantially
more complex than ADAFs (see also Section 5).

MNRASL 528, L76-1.82 (2024)

4.4 Distance uncertainties

Both Mgy and luminosity measurements are systematically affected
by the assumed galaxy distance D, with Mgy oc D and L o< D?. Large
distance errors can thus introduce large uncertainties on Mpy and L,
and the difference in how these quantities scale with distance can
give rise to spurious correlations. To test that this is not affecting our
results, we performed a simple Monte Carlo simulation, drawing Mgy
and the luminosities from independent Gaussian distributions that are
truly uncorrelated, forcing a correlation to arise due to distance errors
alone. The magnitude of the distance errors required to reproduce
the Spearman rank correlation coefficients in Fig. 1 turned out to
be >1.5 dex, much higher than that of our primary sample sources
and — more in general — expected for real distance measurements. In
addition, the slope of relations purely due to distance uncertainties
would be substantially flatter than those observed (gradients of 0.5
for the Mpy— L, mm correlation and 0.25 for the mmFP, as opposed
to the observed ~0.8 and *1, respectively).

To further check for any systematic distance bias, we carried
out a simple quality-checking exercise for our primary sample.
We restricted our analysis to only those sources with the most
accurate (redshift-independent) distances (26/48), i.e. derived from
surface brightness fluctuations, tip of the red giant branch methods,
supernovae, Cepheids, masers, the planetary nebula luminosity
function, and the globular cluster luminosity function. This led us
to obtain much tighter correlations, with an intrinsic scatter of 0.19
dex for the Mgy — L, mm relation and only 0.11 dex for the mmFP.
The corresponding Spearman rank coefficients are p = 0.84 (p =
5.05 x 107"y and p = 0.93 (p = 2.67 x 107), respectively. We thus
conclude that our results are not biased due to distance uncertainties.

5 DISCUSSION AND CONCLUSIONS

We report here the finding of tight Mgy — L, mm and Mpy —
Lx2-10 — L, mm correlations (Fig. 1). We dub the latter the ‘mm
fundamental plane of BH accretion’ and find it to hold for both
low- (mostly WISDOM) and high- (mostly BASS) luminosity AGN.
To understand the physics underlying the mmFP, we compared the
observed trend with models predicting the emission from different
nuclear mechanisms. We find that the results for both our sample
and the BASS sources are best explained if their emission in the mm
and X-rays primarily arises from an ADAF-like process, but cannot
be explained by a classic torus model (see Fig. 3). This suggests
that some kind of radiatively inefficient accretion process may play
a role in both low- and high-luminosity AGN, at least in the range
of luminosities and accretion rates probed by the sources included
in this work. While torii are known to exist in many of these AGNs,
some regions around their SMBHs may be radiatively inefficient. For
instance, some accretion disc solutions allow discs to transition from
ADAF-like to geometrically-thin (and vice versa at different radii),
and ADAFs could also exist above and below classic accretion discs
(Mahadevan 1997). Although the exact conditions under which this
applies are still to be investigated, it is clear that our results may
have profound implications for our understanding of BH accretion
in many different types of AGN.

We also explored the possibility that both the mm and X-ray
emissions arise from compact (and thus probably young; O’Dea &
Saikia 2020) radio jets (Section 4.3). These have been argued to
dominate the whole SEDs of LLAGN (e.g. Fernandez-Ontiveros,
Lépez-Lopez & Prieto 2023) and have spectral properties similar
to those of an ADAF at the wavelengths probed here. This is also
consistent with one of the most popular scenarios for the origin
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of the radio FP of LLAGN, suggesting that the correlation arises
from strongly sub-Eddington jet-dominated emission (e.g. Falcke,
Kording & Markoff 2004; Plotkin et al. 2012). The contribution of
compact jets to the nuclear SEDs of radiatively-efficient, quasar-
like AGN is instead still hotly debated (e.g. Fawcett et al. 2020;
Girdhar et al. 2022). Our results are marginally consistent with
these scenarios, as we find that compact jet models can explain the
correlations for most of the LLAGN, but additional X-ray emitting
components are required in the higher-luminosity systems.

In short, we demonstrated that ADAF-like models convincingly
predict the mmFP. Compact jets are also a plausible explanation (at
least for LLAGN), but the corresponding models do not reproduce the
correlation as naturally as the ADAF-like ones. We caution, however,
that the plasma physics underlying both the ADAF and compact
jet models is not well-constrained, and significant uncertainties are
present in all the model parameters and how they interact. We
thus conclude that, while ‘classic’ torus models seem to be ruled
out, either ADAF-like or compact jet emission have the potential
to explain the observed trend. The presence of one (or more) of
these mechanisms could even help explaining the increased far-
infrared/sub-mm contribution attributed to AGN in some empirical
SED models (e.g. Symeonidis 2022). The tight Lx »_10-Ly, mm coITe-
lation observed in Fig. 3 a for the BASS sources is also consistent
with the one reported by Ricci et al. (2023) between the 100 GHz and
14-150 keV luminosities (see also Behar et al. 2018), and our results
add interesting clues onto its origin. Determining with certainty
the relevant mechanism(s) giving rise to the observed correlations
is beyond the scope of this work, but is crucial to further our
understanding of the SMBH accretion/ejection processes in different
AGN types.

Beyond carrying information on the nuclear physics, the cor-
relations presented here provide new rapid methods to indirectly
estimate the mass of SMBHs (or their accretion rates, if one has
alternative, robust estimates of Mgy and L, mm; see e.g. Ricci et al.
2023). Although direct My estimates can be obtained using a variety
of techniques (e.g. stellar or gas kinematics, reverberation mapping),
these typically require very time consuming observational campaigns
and currently have limited application beyond the local Universe. The
ability to use nuclear mm and (optionally) X-ray luminosities allows
Mpy estimates when dynamical measurements are not possible
and/or the standard scaling relations are unusable (such as in dwarf
or disturbed galaxies). It also allows Mgy predictions over a wider
range of redshifts. At the high-mass end of the correlations, ALMA
can allow us to constrain Mgy up to z ~ 0.3 (and is limited more
by angular resolution and frequency coverage than sensitivity).
Proposed new interferometers (such as the next-generation Very
Large Array, ngVLA) should be able to push this to z = 1 and
beyond. Large X-ray surveys that can provide complementary X-ray
data are also ongoing (e.g. eEROSITA), and next-generation satellites
(such as the Advanced Telescope for High ENergy Astrophysics,
Athena) will extend these to higher-z. We also note that the intrinsic
scatter of the Mgy — L, mm relation is comparable to that of the
Mgy —o , relation (e.g. van den Bosch 2016), and o i, of the mmFP in
Fig. 1 is comparable or even lower than that of its radio counterpart
(depending on the sample used to fit the plane; see e.g. Merloni,
Heinz & di Matteo 2003; Falcke, Kording & Markoff 2004; Plotkin
et al. 2012; Giiltekin et al. 2019b). When restricting our analysis to
only those primary sample sources with the most accurate (redshift-
independent) distances, we obtain much tighter correlations (see
Section 4.4), with oy, comparable to that of the tightest scaling
relations in astronomy (such as the Baryonic Tully—Fisher relation;
e.g. Lelli, McGaugh & Schombert 2016; Lelli et al. 2019). This
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technique — if sufficiently verified — is thus well-suited to constrain
the details of SMBH-host galaxy co-evolution in regimes that have
been difficult to access up to now (see also Williams et al. 2023).
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