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ABSTRACT

Recent work revealed the existence of a galaxy ‘millimetre Fundamental Plane of black hole accretion’, a tight correlation
between nuclear 1 mm luminosity, intrinsic 2-10 keV X-ray luminosity and supermassive black hole mass, originally
discovered for nearby low- and high-luminosity active galactic nuclei. Here we use mm and X-ray data of five X-ray binaries
(XRBs) to demonstrate that these stellar-mass black holes also lie on the mm Fundamental Plane, as they do at radio
wavelengths. One source for which we have multi-epoch observations shows evidence of deviations from the plane after
a state change, suggesting that the plane only applies to XRBs in the hard state, as is true again at radio wavelengths. We
show that both advection-dominated accretion flows and compact jet models predict the existence of the plane across the
entire range of black hole masses, although these models vary in their ability to accurately predict the XRB black hole
masses.

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

galaxies.

1 INTRODUCTION

Supermassive black holes (SMBHs; with masses > 10° M) are
now known to lie at the centre of every galaxy with a total stellar
mass M, > 10° Mg, and are believed to co-evolve with their hosts
(see e.g. J. Kormendy & L. C. Ho 2013 for a review). The many
details of such co-evolution are however still poorly understood
(see e.g. M. D’Onofrio, P. Marziani & C. Chiosi 2021). To better
understand the SMBH-host galaxy connection it is key to under-
stand how the accretion physics of these objects and whether the
same physics holds across all mass regimes including down to
stellar-mass BHs.

The so-called Fundamental Plane of BH accretion (hereafter
FP) is an empirical correlation between the SMBH masses (Mgy ),
5-GHz radio (Lsgn,) and 2-10-keV X-ray (Lx _10) luminosities
of galaxies, which was initially reported by A. Merloni, S. Heinz
& T. di Matteo (2003) and H. Falcke, E. Kording & S. Markoff
(2004). This correlation is supposed to arise due to the physics in
the regions surrounding the SMBHs, and thus provides a probe
of several different processes. However, this radio FP has been
notoriously hard to interpret, with both radio jets and shocks
touted as potential driving mechanisms. Furthermore, the scatter
around this correlation (intrinsic scatter &~ 0.9 dex for all galaxies
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and ~ 0.6 dex for low-luminosity active galactic nuclei, LLAGNS;
see e.g. A. Merloni et al. 2003, K. Giiltekin et al. 2019 and ref-
erences therein) is much larger than that around the Mpy-o,
(stellar velocity dispersion) relation (= 0.3 dex), the gold standard
of SMBH-galaxy correlations.

Atacama Large Millimeter/submillimeter Array (ALMA) ob-
servations have recently revealed an analogous ‘millimetre Fun-
damental Plane of BH accretion’ (I. Ruffa et al. 2024), where the
integrated/large-scale radio continuum luminosity is replaced by
the nuclear (only) 230-GHz millimetre (hereafter mm) contin-
uum luminosity. The mm Fundamental Plane of BH accretion
(mmFP) was discovered for a sample of 48 sources primarily
drawn from the mm-Wave Interferometric Survey of Dark Object
Masses (WISDOM) project. These 48 sources are all at redshifts
Z <0.03, span a large range of AGN bolometric luminosities
(Lpor = 10*1-10* erg s~!) and mostly (but not exclusively) have
very low rates of accretion onto their central SMBHs (M < 1073
Mgqq, Wwhere Mgqyq is the Eddington accretion rate; J. S. Elford et al.
2024). Crucially, the intrinsic scatter about this plane (~ 0.4 dex)
is comparable to that of the Myy-o, relation (e.g. R. C. E. den
Bosch 2016) and can be smaller than that of its radio counterpart
(depending on the sample used to fit the plane; e.g. A. Merloni
et al. 2003; H. Falcke et al. 2004; K. Giiltekin et al. 2009; R. M.
Plotkin et al. 2012). When restricting the analysis of the mmFP to
only those sources with the most accurate (redshift-independent)
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distances, an even tighter correlation is obtained (see I. Ruffa et
al. 2024), with an intrinsic scatter (= 0.11 dex) comparable to that
of some of the tightest scaling relations in astronomy (such as the
baryonic Tully-Fisher relation; e.g. F. Lelli, S. S. McGaugh & J. M.
Schombert 2016; F. Lelli et al. 2019). Surprisingly, the observed
correlation holds for both LLAGNs and sources from the Swift-
BAT AGN Spectroscopic Survey, the latter comprising some of
the brightest and most powerful nearby AGN (with median Ly, &
10" erg s~t and M ~ 0.01-0.1 Mgq4; M. Koss et al. 2017), hinting
at a greater AGN homogeneity than previously thought.

Models of advection-dominated accretion flows (ADAFs) and
compact radio jets seem to be able to explain the mmFP, while
classical torus models cannot (see I. Ruffa et al. 2024). This new
empirical correlation thus provides both a proxy (i.e. an indirect
estimate) of SMBH mass and crucial new insights into SMBH
accretion physics. In a typical low-luminosity (i.e. low-accretion
rate) AGN, a classic accretion disc should be either absent or
truncated at some inner radius (the transition usually happening
beyond a few tens of Schwarzschild radii), and should be replaced
by some sort of ADAFs (R. Narayan & I. Yi 1995b; L. C. Ho 2008).
Compact (i.e. unresolved) jets have been argued to dominate the
whole spectral energy distributions (SEDs) of LLAGNS (e.g. J. A.
Fernandez-Ontiveros, X. Lopez-Lopez & A. Prieto 2023) and have
spectral properties similar to those of ADAFs at radio and mm
wavelengths. There is evidence that these mechanisms may play a
key role in other types of accreting object with S. Ichimaru (1977)
suggested that the observed spectra of hard-state X-ray binaries
(XRBs) such as Cygnus X-1 are likely dominated by emission from
ADAF-like accretion processes. Additionally, it has been found
that the radio luminosities of compact jets from XRBs show a
strong, non-linear correlation with their X-ray luminosities (e.g.
S. Corbel et al. 2003 and E. Gallo, R. P. Fender & G. G. Pooley 2003
and references therein). It is important to test whether stellar-
mass BHs in accreting systems (i.e. XRBs) also follow the mmFP
(as they do the radio FP) which could hint at an even greater
universality of accretion mechanisms.

In this paper, we present an analysis of the mmFP of stellar-
mass black holes, by using both archival and new data of five
XRBs. Our main aim is to establish whether the newly discovered
mmFP holds also for accreting stellar-mass black holes, and if it
does whether ADAF models can also explain the correlation of
this type of sources, as they seem to do for AGNs of all accretion
rates.

2 MM AND X-RAY OBSERVATIONS OF
STELLAR-MASS BLACK HOLES

Only a few tens of XRBs have confirmed stellar-mass black holes.
Most of these are truly transients, with a range of several orders
of magnitude in X-ray luminosity from quiescence to outburst.
Very few among the confirmed accreting stellar systems remain
detected even in quiescence, varying by only a factor of ~ 10 over
decades. Strikingly, such sources follow the same XRB radio-X-
ray correlation, that becomes the radio FP with the addition of
a (BH) mass term (e.g. A. Merloni et al. 2003; K. Giiltekin et al.
2009). Crucially, and unlike SMBHs, an individual XRB can be
tracked as it moves back and forth across the plane, showing
the Fundamental Plane can hold for individual objects and sam-
ples of objects over different mass scales. These correlations are
exhibited during the so-called hard state, when a strong (accre-
tion flow) coronal X-ray emitting component causes the corre-
lation with the radio jet. Accreting stellar-mass black holes in

MNRAS 546, 1-8 (2026)

this phase are considered scaled-down equivalents of LLAGNS.
At high luminosities, XRBs (and likely also AGNs) may enter a
‘soft” accretion state, when the jet is suppressed and sources lie
well below the correlation (i.e. at lower radio luminosities; see R.
P. Fender, T. M. Belloni & E. Gallo 2004 for a summary of these
behaviours). We also note that the range of BH masses for the
sample of known XRBs is very small, with a mean of &~ 7 Mg and
astandard deviation of ~ 3 M, (e.g. F. Ozel et al. 2010; W. M. Farr
etal. 2011), much smaller than the range of galaxy SMBH masses.
In this analysis we focus on hard and quiescent XRBs some of
which are still detectable even in quiescence.

2.1 New ACA observations

Our sample of XRBs is Cygnus X-1, GRS 1915+105, GX 339-4,
and A0620-00. Using the Atacama Compact Array (ACA), we
have acquired new mm continuum data of these XRBs (Proposal
ID: 2023.1.00887; PI: M. Bureau). We observed the four targets
at 230 GHz (= 1 mm) to match the previous continuum obser-
vations of the primary sample that defined the mmFP (see I.
Ruffa et al. 2024). The ACA was chosen as XRBs do not have
extended emission, so the angular resolution (4.448-6.646 arcsec)
of the observations is irrelevant. The data were reduced using the
Common Astronomy Software Applications (CASA) pipeline (J.
P. McMullin et al. 2007), adopting a version appropriate for each
data set and a standard calibration strategy. We reduced the data
in the same way as described in detail in T. A. Davis et al. (2022)
for the WISDOM galaxy sample.

The continuum images were produced by combining the four
continuum spectral windows using the CASA task TCLEAN in
multi-frequency synthesis mode. The obtained root-mean-square
noise levels are in the range 0.42-0.60 mJy beam™!. Two of the
four ACA-observed objects (GRS 19154105 and A0620-00) are
undetected in our continuum maps. The measured mm fluxes
and associated luminosities (estimated as described in I. Ruffa
et al. 2024) of all our targets, including upper limits for non-
detections, are listed in Table 1.

2.2 Archival observations

To study how flux variability affects the position of our tar-
gets on the mmFP, where possible we additionally gathered
archival mm continuum data. The mm luminosity of Cygnus X-
1, GRS 1915+105 and GX 339-4 was thus also estimated from
archival ALMA continuum observations at 230 GHz for Cygnus
X-1 (Proposal ID: 2016.1.00496.S) and GX 339-4 (Proposal ID:
2019.1.01324.T) and at 104 GHz for GRS 1915+105 (Proposal
ID: 2017.1.00051.S), following the same procedure described in
section 2 of I. Ruffa et al. (2024). In the case of A0620-00 we took
the mm flux from E. Gallo et al. (2019) which was observed at
98 GHz (Proposal ID: 2016.1.00773.S). This paper also reported
a measurement at 230 GHz but it was a marginal detection. Due
to the impossibility of observing XTE J1118+-480 with ACA (see
Section 2.1), its mm luminosity was estimated from James Clerk
Maxwell Telescope (JCMT) continuum observations at 350 GHz
(R. P. Fender et al. 2001).

Archival mm fluxes at frequencies other than 230 GHz were
scaled to that band assuming a flat spectral index (¢ = 0). This
unavoidably introduces uncertainties in our comparisons. For
GRS 1915+105 where the archival mm observation was taken at
104 GHz if we assume a spectral index range of —0.15 to 0.15
which has been observed in XRBs (e.g. R. P. Fender et al. 2000)



Table 1. Stellar-mass black hole properties.

State

X-ray obs. date

Lx2-10
erg s 1

log,, (

mm obs. date

Vmm, obs

)

Lymm

erg s—1

log; (

fv,mm

Mgy
Mo

log,, (

Distance

Object

(10)

€)
08-04-2024

®
37.0 £0.08
36.7 +£0.08
38.1+£0.08
39.7 +£0.08
37.1+£0.08
37.3+0.08
35.5+0.08
30.7 £0.08
30.7 £0.08

@)
11-05-2024
06-11-2016
26-05-2024
13-10-2017
13-06-2024
13-10-2017
30-05-2000
05-12-2023
12-11-2016

(GHz)
(6)

5
31.140.04
30.6 +0.04

(mJy)
)

3

(kpc)
)

@

Soft

230
230
230
104
230
230
350
230
98

11.9+£0.39
4.16 £0.42

1.17

1.86

Cygnus X-1 (ACA)

Hard

23-11-2016

Cygnus X-1 (archival)

Obscured
Soft

16-08-2023
18-10-2017
16-06-2024
17-10-2017
12-03-2000

12-09-2013

< 31.7
31.6 +0.04
32.3+0.04
30.9 £+ 0.04
30.7 £ 0.04

< 1.45

2.86 +0.29

1.00

GRS 1915+105 (ACA)

GRS 19154105 (archival)

GX 339-4 (ACA)

Hard

7.2+ 0.50
0.30 +0.03
4.10+0.41

0.76

10

Hard

GX 339-4 (archival)

Hard

0.85
0.82

1.8
10

XTE J1118+480 (archival)

A0620-00 (ACA)

Quiescent

<29.7
27.8 +0.04

< 1.80
0.044 £ 0.008

Quiescent

12-09-2013

A0620-00 (archival)

Notes. (1) Target name, with origin of the data used to derive the quantities in the same row indicated in parentheses. (2) Distance. (3) Black hole mass. (4)-(7) mm flux, luminosity, frequency, and
observation date. (8)-(9) 2-10-keV X-ray luminosity and observation date. The distance and black hole mass of Cygnus X-1, GRS 1915+105, XTE J1118+480, and A0620-00 were taken from K. Giiltekin

et al. (2019), those of GX 339-4 from E. Tremou et al. (2020). (10) The perceived states at the time of observation.
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the scaled flux would range from decreasing by 11.1 per cent to
increasing by 12.6 per cent. Similarly, for XTE J1118+480 where
the archival mm observation was taken at 350 GHz assuming
the same spectral index range the scaled flux would range from
increasing by 6.5 per cent and decreasing 6.1 per cent. Finally,
for A0620-00 where the archival mm observation was taken at
98 GHz assuming the same spectral index range the scaled flux
could range from increasing by 13.7 per cent to decreasing by 12.0
per cent. Given the observation that XRBs have very flat spectral
indices in the hard spectral state and the flux varies minimally
when assuming a range of typical spectral indices we believe our
assumption of a flat spectral index (¢ = 0) to be valid. However,
to avoid our spectral index assumption biasing our analysis we
primarily use the new homogeneous ACA observations presented
in this paper to perform the analyses described in Section 3.

The intrinsic (absorption-corrected) 2-10-keV luminosities
(Lx 2-10) of our targets were derived from X-ray data available in
the literature. When possible we used the Swift ! catalogue, as for
the majority of our sample sources these were the observations
most contemporaneous to the ACA ones, thus minimizing the
impact of temporal flux variability. Specifically, Swift data of GX
339-4 were taken just three days after the ACA observations. For
Cygnus X-1 and GRS 1915+105, Swift observations were taken
about one and nine months before the ACA ones, respectively.
We note that the Swift data were taken in the 0.3-10 keV X-ray
band, so we scaled the derived luminosities to the 2-10 keV en-
ergy range assuming a spectral index of —0.8 (the mean spectral
index reported by J. N. Reeves & M. J. L. Turner 2000). Swift data
are not available for XTE J11184480, so its 2-10 keV flux was
retrieved from the X-ray observations presented in K. Giiltekin et
al. (2019), which were taken in 2000, just two months apart from
the available JCMT mm data. There were no recent Swift data for
A0620-00 which the only observation being taken in 2010 which
has a low count. We instead use the Chandra observation from
T. Dinger et al. (2018) and use it for both our archival and ACA
data points. This observation was taken at 3 -9 keV range so as
with the Swift data we scale it to the 2-10 keV range using the
I reported in T. Dinger et al. (2018) for A0620-00 of 2.07. These
data were taken in 2013 meaning that A0620-00 is a source where
variability can have a significant impact. To quantify this we use
the data from table 1 of T. Dinger et al. (2018) and compute the
fractional variability, F,,. We find a F,,, of 0.83 indicating that
A0620-00 is significantly variable. The properties of our targets,
including the derived mm and X-ray luminosities, are presented
in Table 1.

2.3 Spectral states

We perform a literature search to determine the spectral state of
the five sources studied here during both the new and archival
mm observations and their corresponding X-ray observations.
The spectral states of the sources are listed in column 10 of Table
1. We summarize our major finding here. It has been reported
that Cygnus X-1 transitioned from a hard to soft state in April
2023 (e.g. J. F. Steiner et al. 2024) with no further reports of
spectral changes. For this reason we classify Cygnus X-1 as being
in the soft state at the time of our new mm and corresponding
X-ray observations. During the archival observations of Cygnus
X-1 it was reported by E. Meyer-Hofmeister et al. (2020) that the

Thttps://www.swift.ac.uk/
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Figure 1. Correlation between Mgy and L, mm (left panel) and edge-on view of the Mpy-Lx 2—10—Ly,mm correlation (right panel), as fig. 1 of I. Ruffa
et al. (2024). The four stellar-mass black holes with archival data are plotted as red circles where the objects without 230 GHz archival observations are
shown as open circles. Green circles (or left-pointing triangles for upper limits) represent L, ,m measured using our newly acquired ACA data. The
black filled circle is the ACA observation of GX 339-4. Where possible, a black line connects the original archival data points to the updated ones. Filled
blue circles are for SMBH masses estimated dynamically, open blue circles for those estimated using the Mpp—o, relation of R. C. E. den Bosch (2016).
Error bars are plotted for all data points but some are smaller than the symbol used. The best-fitting power-law relations are overlaid as black solid lines,
and the observed scatters around those relations as black dashed lines. The red solid and dashed lines in the left panel show the best-fittingMpy—L,, mm
power-law relation and scatter of I. Ruffa et al. (2024) when including only SMBHs. The correlation coefficients p and p-values of the Spearman rank

analyses are reported in the top-left corner of each panel.

source was in the hard state. It has been reported that during
the period of our new mm observations and corresponding X-ray
observations GRS 19154105 was in an obscured state (e.g. L. F.
Rodriguez & I. F. Mirabel 2025). During the archival observations
of GRS 19154105 it was in a relatively soft state as reported by
M. Zhou et al. (2025). It should be noted that GRS 1915+105 is
an unusual source that has stayed in a high state for decades.
However, it still undergoes spectral state changed including those
that resemble the canonical hard state. It was reported on 2024
May 5 that GX339-4 was in a hard state (T. D. Russell et al. 2024)
and as no state change was reported in between then and our
new mm and X-ray observations. We then conclude that when
our ACA mm observation and corresponding X-ray data were
taken GX339-4 was still in the hard state. It was reported by R.
Remillard et al. (2017) that GX339-4 had started a new outburst
and observations taken on 2017 October 1 are consistent with it
being in the hard state during which our archival observations
took place. We then conclude that for our archival mm and X-ray
observations GX339-4 was in the hard state. It was reported by
R. Remillard et al. (2000) on the 2000 March 29 that the spectra
of XTEJ1118+480 are similar in shape to Cygnus X-1 in its hard
state. We then conclude that XTEJ1118+-480 was in the hard state
during the archival mm and X-ray observations. Finally, A0620-00
has consistently been in a quiescent state with the last outburst
being in 1975 (M. Elvis et al. 1975). We conclude that for both
the new mm and archival mm observations of A0620-00 and
the corresponding X-ray observations it was still in the quiescent
state.

3 RESULTS

Fig. 1 shows the four XRBs with ACA data on the Mgg—L, mm
plane and the mmFP (green circles for mm detections, left-
pointing triangles for mm non-detections). We note that GX 339-4
has greatly increased its mm luminosity in the past 7 yr, moving
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well beyond the observed scatter of both correlations. The data
point corresponding to this source is shown as a black filled
green circle in Fig. 1, and this behaviour is discussed further in
Section 5. In the same Figure, we also show the positions of all our
targets when calculating their mm luminosity using the available
archival data (red circles). The two sources with archival obser-
vations at frequencies other than 230 GHz (GRS 1915+105 and
XTE J1118+480; see Table 1) are plotted as unfilled red circles.

Following I. Ruffa et al. (2024), we fitted the Mgg—L, mm and
mmFP data, including the XRBs, using the LTS_LINEFIT and
LTS_PLANEFIT routines of M. Cappellari et al. (2013), respec-
tively. When performing these fits we only included the new ACA
data for Cygnus X-1 and the archival data for GX 339-4 (due to its
substantial flux variability in the ACA observations). We do this
so we are not fitting non-detections in the ACA observations or
sources without 230 GHz archival observations where our choice
of spectral index used to scale the available flux may bias our
results. In the following analyses, we only consider data points
with mm luminosities derived from the ACA data, with the ex-
ception of GX 339-4 (due to its substantial flux variability). We
do not include the archival data for XTE J1118+-480 as it did not
have archival 230 GHz observations and we wanted to ensure our
conclusions were not biased by our choice of spectral index used
to scale the available flux. As clearly illustrated by Fig. 1, both
SMBHs and XRBs follow the same Mgy-L, mm relation and lie on
the same mmFP. The resulting best-fitting Mgy—-L, mm power law
is

M, L
log,, (M—B;> = (0.89 + 0.04) [1og10 (ﬁ) _ 39}
+ (8.26+£0.08), 1

with an observed scatter (oops) of 0.49 dex and an estimated in-
trinsic scatter (oi) of 0.44 & 0.15 dex. The best-fitting plane in



the (log Mgy, log Lx »_10, l0og L, mm) Space is

Men Lx2-10
log,, <M7@> = (—0.22£0.05) |:log10 (erg Sf1> — 4()i|

L,
+(0.97 £ 0.05) |:10g10 (ﬁ) - 39} +(8.32£0.08), )

with oops = 0.42 dex and oy, = 0.36 £ 0.07 dex.

In both cases, the best-fitting coefficients agree well with those
derived when fitting only the SMBHs (I. Ruffa et al. 2024), and
both relations have similar or improved scatters compared to the
SMBH-only fits. We also performed Spearman rank analyses to
quantify the statistical significance of the correlations, and show
the resulting correlation coefficients p and p-values in the top-left
corner of each panel of Fig. 1 which are similar to or better than
the correlation coefficients in I. Ruffa et al. (2024). The resulting
coefficients p and p-values both suggest a tight and significant
correlation between BH mass, mm luminosity, and X-ray lumi-
nosity.

4 PHYSICAL DRIVERS

As illustrated in Fig. 1 and discussed above the four XRBs with
ACA data (apart from GX 339-4) and the five XRBs with archival
data (apart from A0620-00) analysed in this work are in good
agreement with the Mpy—L, mm correlation and the mmFP, ex-
tending both by & 5 orders of magnitude. This suggests that the
dominant mechanism giving rise to their mm continuum emis-
sion (and its correlation with their 2-10-keV emission) is similar
to that in the AGN that were used to discover and define the
original correlations (mostly but not exclusively LLAGNS). To test
this hypothesis, we adopt the same approach as I. Ruffa et al.
(2024) and compare the observed mm and X-ray luminosities of
the three ACA-observed persistent transients and the archival ob-
servations of GX 339-4 to those extracted from mock SEDs. These
were constructed using either radiatively inefficient (ADAF-like)
accretion flow or compact radio jet models. As there is currently
no evidence for the presence of a dusty torus in XRBs, we do not
consider here the associated emission mechanisms (see I. Ruffa
et al. 2024 for the application of such models to SMBHs). For
Cygnus X-1 in the soft state and potentially in the hard state there
might be some contribution to the mm emission from the donor
star wind. This contribution should be investigated further.

4.1 ADAF model

ADAFs are typically described as geometrically thick two-
temperature structures in which the rates of matter accretion
onto the black holes are well below the Eddington limits (i.e.
& 0.01 Mgyq; R. Narayan & 1. Yi 1995a; L. C. Ho 2008). 1. Ruffa
et al. (2024) demonstrated that ADAF-like emission can plausibly
explain the existence of the correlations in Fig. 1 at high SMBH
masses and for all the types of AGNs included in their analysis
(both high- and low-luminosity sources). To test whether this
also applies to stellar-mass BHs, we build model SEDs using the
LLAGN model of D. W. Pesce et al. (2021), itself a development of
previous models by R. Narayan & I. Yi (1995a) and R. Mahadevan
(1997). For full details of how this is implemented and tested,
see section 4.2 of 1. Ruffa et al. (2024). In short, we generate a
set of model SEDs for a grid of SMBH masses (10°-10'° M) and
Eddington ratios M /Mggq (10~7-10~2), while all the other free pa-
rameters are kept at their defaults. We then extract the predicted
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Figure 2. Correlation between L, mm and Lx »—10 for both SMBHs (blue
data points) and stellar-mass BHs (green and red data points). The black
grid illustrates the area covered by the ADAF model solutions as a func-
tion of Mpy and Eddington ratio L/Lgqq (see Section 4.1 for details). We
only include data points with mm luminosities derived from the ACA
data, with the exception of GX 339-4 (due to its substantial flux variability)
where we use the archival data. We do not include the archival data for
XTE J1118+480 as it does not have archival 230 GHz observations.

230 GHz and 2-10-keV luminosities, and compare them with the
measured ones.

As shown in Fig. 2, all the sources lie within the area covered
by the ADAF model solutions (illustrated by the black grid), al-
though these overpredict the BH masses of the persistent tran-
sients (listed in Table 1) by about two orders of magnitude. ADAF-
like accretion processes have long been believed to occur in hard-
state XRBs and to significantly contribute to their emission (see
e.g. A. A. Esin, J. E. McClintock & R. Narayan 1997, R. Narayan, R.
Mahadevan & E. Quataert 1998, and Section 5 for more details).
Therefore, one possibility to explain this discrepancy is to ascribe
it to the large uncertainties of some of the free parameters of the
models, such as those describing the (unknown) plasma physics
within radiatively inefficient flows. As mentioned above, we kept
all of these parameters fixed to their default values (presented
and discussed in appendix A of D. W. Pesce et al. 2021, and cali-
brated only for SMBHs) for our analyses. Our results thus clearly
highlight the need to put more robust constraints on all the free
parameters of ADAF-like emission models, over the full BH mass
range.

A second hypothesis to explain the mass inconsistency is that
most of the observed emission arises from a different physi-
cal process. In Fig. 3, however, we show the projection of the
ADAF model grid onto the best-fitting mmFP, illustrating how
these models well reproduce the gradient of the whole correla-
tion. Therefore, while the issues described above prevent us from
drawing strong conclusions, we cannot completely exclude that
ADAF-like accretion is among the physical mechanisms under-
lying the mmFP across the entire BH mass regime. If confirmed,
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Figure 3. Same as the right panel of Fig. 1, but with the grey shaded
region representing the projection of the ADAF model grid onto the
mmFP. We use the same sample as in Fig. 2.

our results can also be used to help tune the unknown parameters
of the associated emission models.

4.2 Compact jet model

It is currently well established that accreting XRBs in the hard
state are able to launch powerful outflows of relativistic particles
(i.e. jets), which are considered to be scaled-down versions of
those identified in the cores of some AGNs (see e.g. R. Fender
2004). The sizes of compact hard state jets in XRBs are usually
limited to ~ 10'° cm and are often unresolved by radio/mm ob-
servations. They are thus typically referred to as compact jets (e.g.
R. P. Fender et al. 2004). Among the few cases in which such
compact structures have been spatially resolved are Cygnus X-1
(A. M. Stirling et al. 2001) and GRS 19154105 (e.g. Y. Fuchs, I. F.
Mirabel & A. Claret 2003), both part of our sample (see Table 1).
To determine if emission from compact jets can explain the
observed trends, we use the BHTET model of M. Lucchini et al.
(2022), extrapolating it down to the stellar-mass BH regime. For
full details of how this model is implemented, see Section 4.3 of
1. Ruffa et al. (2024). In Fig. 4, we show the Ly  _10-L, mm relation
with the resulting jet model grids overlaid in black and green as a
function of Mgy (10°-10° M) and jet power (107>°~1071"Lgqq)
for the extremes jet inclinations 2.5° and 90°, respectively. Jets
at intermediate inclinations i lie between these two extremes
(but evolve quickly towards the i = 90° solution once the line of
sight is no longer aligned with the jet cone). The model solutions
clearly encompass all the sources included in our analysis. How-
ever, as noted by I. Ruffa et al. (2024) for the SMBH mass regime,
the model solutions have significant curvature in the 3D Mgy-
Lx >-10-L, mm Space. Therefore, the correlations present in Fig. 1
do not seem to occur naturally within the BHJET jet model (as
projections of the higher-order surface onto the axes).
Furthermore, we note that the model solutions at i = 90°
(green grid in Fig. 4) overpredict Mgy of the persistent transients
by about the same order of magnitude as the ADAF solutions
(see Section 4.1). The BH masses predicted by the solutions at
i = 2.5° (black grid in Fig. 4) are instead more accurate. However,
it is clearly highly unrealistic to assume that all of the sources
included in our sample have their compact jets aligned with the
line of sight. The jet inclination angles of Cygnus X-1 and GRS
19154105 are estimated to be 6 ~ 35° and 6 ~ 53°, respectively
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Figure 4. Correlation between L, mm and Lx > 19 for both SMBHs (blue
data points) and stellar-mass BHs (green and red data points). The
black and green grids illustrate the areas covered by the compact jet
model solutions as a function of Mgy (10'-10° M) and jet power
(1073°-1071 Lggq) for jet inclinations of 2.5° and 90°, respectively. Solu-
tions with intermediate inclinations lie between these two extremes (see
Section 4.2 for details). We use the same sample as in Fig. 2.

(A. A. Zdziarski et al. 2005; D. M. Russell et al. 2007). Such incon-
clusive results are perhaps unsurprising, however, as compact jet
models are substantially more complex than ADAFs, and simi-
larly to them they have many free parameters (that we again left
at their default values) that are essentially unconstrained. Future
work will thus be crucial to better constrain the plasma physics
in these models and further test our results.

5 DISCUSSION AND CONCLUSIONS

I. Ruffa et al. (2024) reported the discovery of tight Mgy—L, mm
and Mpy-Lx >-10—Ly.mm correlations. The latter has been dubbed
the ‘mm Fundamental Plane of BH accretion’ and holds for both
high- and low-luminosity AGNs. I. Ruffa et al. (2024) also in-
vestigated potential physical mechanisms underlying the nuclear
emission of the sample sources and thus driving the newly dis-
covered correlations. According to the standard paradigm, a high-
luminosity (i.e. high-accretion rate) AGN should accrete through
a classic geometrically thin and optically thick accretion disc sur-
rounded by a dusty torus (e.g. T. M. Heckman & P. N. Best 2014).
In this scenario, both the mm and the 2-10-keV emission arise
from the accretion disc, reprocessed by torus dust in the mm
and Compton up-scattered by the hot corona in the X-rays. In
a typical low-luminosity (i.e. low-accretion rate) AGN, a classic
accretion disc should be either absent or truncated at some inner
radius (the transition usually happening beyond a few tens of
Schwarzschild radii), and should be replaced by some sort of
ADAFs (R. Narayan & 1. Yi 1995b; L. C. Ho 2008). I. Ruffa et al.
(2024) discovered instead that, for both high- and low-luminosity
sources, the observed correlations are best explained if the nu-
clear emission in the mm and X-rays primarily arises from an
ADAF-like process, as the torus models underpredict the nuclear
mm emission (L, mm) of high-luminosity AGNs by at least two
orders of magnitude. This provides support to some accretion disc
models, allowing discs to transition from ADAF-like to geometri-
cally thin (and vice versa at different radii), and for ADAFS to exist
above and below classic accretion discs (R. Mahadevan 1997).



L. Ruffa et al. (2024) also explored the possibility that both the
mm and the X-ray emission arises from compact (and thus prob-
ably young; C. P. O’Dea & D. J. Saikia 2020) radio jets. These jets
have been argued to dominate the whole SEDs of LLAGNS (e.g. J.
A. Fernandez-Ontiveros et al. 2023) and have spectral properties
similar to those of ADAFs at radio and mm wavelengths. These
types of models are however only marginally consistent with the
observed correlations (I. Ruffa et al. 2024).

In this work, we extended both the Mgy-L, mm relation and the
mmPFP to the stellar-mass BH regime. The main aim was to es-
tablish whether these correlations also hold for accreting stellar-
mass BHs, and if so whether ADAF models are able to reproduce
the observed trends for all types of sources. For this, we used avail-
able archival and new dedicated ACA observations at 230 GHz of
all known transient XRBs that are still detectable in quiescence
(i.e. LLAGN-equivalent) (five objects in total; see Table 1). As
illustrated in Fig. 1, the five XRBs included in our analysis tightly
follow both correlations, as they do at radio wavelengths (e.g. A.
Merloni et al. 2003; H. Falcke et al. 2004; R. M. Plotkin et al.
2012). Two sources lie significantly outside the relation. First,
GX 339-4 is significantly outside of the observed scatter of both
correlations when its L, mm is inferred using our newly acquired
ACA data, whereas it is well within the scatter when L, mm is
estimated using archival data (see Table 1). This is likely because
the mm luminosity of this source increased greatly since the
previous mm observations in 2017 (see Table 1). This could be
due to this source shifting to a soft accretion state and therefore
now deviates from the correlations, as a similar behaviour exists
in the radio FP when XRBs change state (see e.g. A. Merloni et
al. 2003; K. Giiltekin et al. 2009), however, this is not supported
by the published states of GX 339-4 where in both the ACA and
archival observation it was in the hard state (see Section 2.3 and
Table 1). Secondly, the archival data of A0620-00 lie significantly
outside of the scatter of both relations due to its very low mm
luminosity. Its corresponding ACA upper limit, however, lies in
line with both relations. A0620-00 is a unique source that has
been in quiescence since its last outburst in 1975 (M. Elvis et al.
1975) so we speculate it could be a ‘unique’ state which could
explain why it does not follow these relations like other XRBs
appear to do. We also note that the lack of simultaneous X-ray
observations for some sources may further increase the observed
scatter.

Our results suggest that the dominant mechanism giving rise
to the mm continuum emission of hard-state XRBs (and its corre-
lation with the 2-10-keV emission) is similar to that in the AGN
originally used to define the correlations. To test this hypothesis,
we adopted the same approach of I. Ruffa et al. (2024) and ex-
tended the ADAF and compact jet models of D. W. Pesce et al.
(2021) and M. Lucchini et al. (2022), respectively, down to the
stellar-mass BH regime.

In radiatively inefficient flows such as ADAFs, the elec-
trons cool down via a combination of self-absorbed synchrotron,
Bremsstrahlung, and inverse Compton radiation, which together
yield an ADAF spectrum near the BHs (e.g. R. Narayan et al.
1998). These types of accretion solutions were first described by S.
Ichimaru (1977), who also first suggested that the observed spec-
tra of hard-state XRBs such as Cygnus X-1 are likely dominated
by emission from ADAF-like accretion processes. This hypothesis
was later supported by a number of works (see e.g. A. A. Esin
et al. 1997, R. Narayan & I. Yi 1995a and references therein),
which also demonstrated the applicability of ADAFs to other
types of systems, especially typical LLAGNs (R. Narayan et al.
1998). Compact jets produce self-absorbed synchrotron emission
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which manifests itself as a flat (spectral index & ~ 0) or inverted
(o Z 0) spectral component at radio and (sub-)millimetre bands
(e.g. R. P. Fender et al. 2001, 2004; C. Done, M. Gierlinski & A.
Kubota 2007; R. P. Fender, J. Homan & T. M. Belloni 2009; N. D.
Kylafis et al. 2012; M. Sikora & A. A. Zdziarski 2023). The result-
ing spectrum is therefore very similar to that expected from an
ADAF (e.g. R. Narayan et al. 1998). It has also been demonstrated
that the radio luminosities of compact jets from XRBs show a
strong, non-linear correlation with their X-ray luminosities (e.g.
S. Corbel et al. 2003 and E. Gallo et al. 2003 and references
therein). Both the ADAF and compact jet models can potentially
give rise to the observed emission down to stellar BH masses,
although they mostly overpredict the XRB masses by about two
orders of magnitude. We speculate that this is caused by the large
uncertainties of the parameters describing the plasma physics in
both models, most of which have so far been calibrated only for
SMBHEs. This clearly prevents us from drawing strong conclusions
on this issue at this stage. We note that these conclusions differ
from those of C. Ricci et al. (2023) who found that the driving
mechanism behind the mm emission is likely due to the X-ray
corona. This was discussed in I. Ruffa et al. (2024) where the
mmFP was introduced.

Future modelling work is needed to test whether a hybrid jet-
ADAF model can also predict the emission we are seeing and
reproduce the mmFP. In these models the X-rays could be emitted
by the ADAF and the mm emission from the jet. Further obser-
vational work needs to be carried out to fully constrain where
stellar-mass black holes are on the newly discovered correlations,
and how variability affects this. Further theoretical work is also
critical to fully understand the mechanism driving these correla-
tions. Such work will be invaluable, shedding light on the physics
of accretion across mass scales, and revealing the common pro-
cesses that apply both within our Galaxy and in extragalactic
systems.
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