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Recent discoveries of faint active galactic nuclei (AGN) at the redshift frontier have revealed a plethora of broad Hα emitters
with optically red continua, named Little Red Dots (LRDs)1, which comprise 15-30% of the high redshift broad line AGN
population2. Due to their peculiar spectral properties3–5 and X-ray weakness6, modeling LRDs with standard AGN templates
has proven challenging. In particular, the validity of single-epoch virial mass estimates in determining the black hole (BH)
masses of LRDs has been called into question, with some models claiming that masses might be overestimated by up to
2 orders of magnitude7–10, and other models claiming that LRDs may be entirely stellar in nature11. We report the direct,
dynamical BH mass measurement in a strongly lensed LRD at 𝑧 = 7.04. The combination of lensing with deep spectroscopic
data reveals a rotation curve that is inconsistent with a nuclear star cluster, yet can be well explained by Keplerian rotation
around a point mass of 50 million Solar masses, consistent with virial BH mass estimates from the Balmer lines. The Keplerian
rotation leaves little room for any stellar component in a host galaxy, as we conservatively infer 𝑀BH/𝑀∗ > 2. Such a “naked”
black hole, together with its near-pristine environment12, indicates that this LRD is a massive black hole seed caught in its
earliest accretion phase.

Abell2744-QSO1 (hereafter QSO1) is a strongly lensed, triply im-
aged system, first discovered in JWST NIRCam imaging by Ref.13,
whose redshift was later confirmed to be 𝑧 = 7.04 through NIRSpec
prism spectroscopy14,15, which also revealed broad components in
Hα and Hβ lines. The compactness, red optical (rest-frame) slope
together with blue UV (rest-frame) slope, classify it as a typical “Lit-
tle Red Dot” (LRD)2,16. Further observations of QSO1 using the
high resolution R2700 NIRSpec Integral Field Spectroscopy (IFS)
mode4,17 clearly spectrally resolved the broad- and narrow-line emis-
sion, as well as detected line variability4,18, thereby robustly iden-
tifying QSO1 as hosting an accreting black hole (BH). Based on
virial relations using broad line widths and luminosities, a black
hole mass of about 4 × 107 𝑀⊙ was estimated14. In addition, re-
cent work4,17 has established a high BH to dynamical mass ratio
for QSO1 (𝑀BH/𝑀dyn > 0.2). However, these results rest on the
assumption that “virial relations”19 that are calibrated locally, are
still applicable at z=7. While local virial relations have been tested
out to 𝑧 ∼ 2.320 for luminous quasars (and found adequate for H𝛼

within a factor of 2.5), there are currently no validating measure-
ments beyond z>2, and for the LRD class of objects. In this work,
we provide the first direct BH mass measurement in the high redshift
Universe, indeed illustrating that virial BH mass calibrations apply
to this prototypical LRD.

It is first interesting to note that, given the low narrow line velocity

dispersion in QSO117 (𝜎𝑁 = 22 km s−1, see also Methods), the black
hole’s sphere of influence, assuming the mass estimated from the
virial relations, has a radius of ∼ 270 pc, which should be resolvable
with JWST, also thanks to the gravitational lens shearing (a factor of
∼3.514). However, we will not make any a priori assumptions about
the black hole mass in the following analysis.

We perform a detailed analysis of the spatial and kinematic in-
formation present in the current deep, high resolution NIRSpec IFS
data, resampled to a 0.02” pixel scale, by focusing on kinematical
maps of the narrow Hα emission. These maps were obtained by sub-
tracting the broad line and continuum emission from the data cube
and fitting the resulting cube containing only the narrow Hα emis-
sion. The details of this procedure are given in the Methods. The
line flux, velocity, and dispersion maps are shown in Fig 1. As can
be seen in Fig. 1b, the narrow H𝛼 velocity field reveals an apparent
velocity gradient with an amplitude of ∼ 10 𝑘𝑚 𝑠−1.

The narrow line emission is spatially extended on scales of up
to ∼200 pc, as found by Ref.12 (note that the continuum is instead
unresolved, as discussed in Ref.14). We sample the rotation curve
by averaging the positions of positive and negative velocity spaxels
across three spatial bins corresponding to 50, 100 and 150 pc dis-
tances from the rotation centre (see Methods). The node velocities
are obtained through an inverse variance weighted mean of the con-
tributing spaxels, corrected for velocity dispersion support by adding
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Fig. 1 | H𝛼 narrow line emission and kinematics maps of QSO1. Panel a shows the narrow line surface flux, where only spaxels with narrow H𝛼 S/N > 5𝜎
included in the map. The dashed green ellipse shows the dimensions of the PSF at the wavelength of H𝛼. The smaller red ellipse shows the 3𝜎 position accuracy
at our S/N and pixel scale. The black segment shows the image scale in parsecs. Panel b shows the line velocity map, while panel c shows the line velocity
dispersion 𝜎𝑣 . The black star indicates the position of the dynamical center from MOKA3D fitting. The position angle (PA) of the IFU slicer is shown by the green
line, indicating that the observed velocity gradient is not due to calibration artefacts. The centroid of the broad line emission is indicated with a black cross.

𝜎𝑣 in quadrature. The binned velocities are shown as blue circles in
Fig. 2-top.

While the narrow line kinematics provide useful constraints on
rotation on ∼ 100 pc scales, the small size of the object, coupled
with the comparatively low spatial resolution, makes it difficult to
trace the inner parts of the resolved rotation curve. However, given
the high signal-to-noise on H𝛼, it is possible to recover kinematic
information below the spatial resolution beam. Specifically, we em-
ploy spectroastrometric techniques, to search for rotation in the inner
part of the narrow line region (note that the same analysis cannot be
performed using H𝛽 narrow or [OIII], as these lines are too weak).
Briefly, spectroastrometry consists in identifying the centroid posi-
tions when scanning spectroscopic channels of a line21, producing a
map of average gas positions across a velocity range, a technique pre-
viously used by GRAVITY+ to measure BLR sizes and BH masses
in QSOs20. The full description of the spectroastrometric analysis is
given in the Methods. We find that the centroids of the Hα images
in +50 km s−1 and -50 km s−1 velocity channels are separated by
24.9± 9.4 pc in the source plane (Extended Data Fig. 1). Taking half
of this separation gives a radius scale 𝑟spec = 12.5+4.7

−4.7 pc, which,
coupled with FWHM = 52+14

−14 km s−1 17, yields an enclosed mass of
log (𝑀spec/M⊙) = 6.90+0.23

−0.23. It should be noted that this estimate is
a lower limit, as the inclination is unconstrained with this method.

The spectroastrometric measurements above indicate a compact
and dense system, however, they alone cannot exclude a significant
contribution of stars, gas or dark matter to the mass budget. To get
a more complete picture of the mass distribution in our object, we
combine the spectroastrometric measurements with the large scale
rotation in order to construct a rotation curve for QSO1 (Fig. 2-top).
In order to test if this rotation has significant contribution from an
extended stellar component, we fit the data in Fig. 2-top with two
models - (i) a point mass and (ii) a compact, yet extended, mass
distribution mimicking the (thoroughly studied) nuclear star cluster
(NSC) of the Milky Way, with a density profile of a broken power

law where the transition between 𝜌 ∝ 𝑟−2 and 𝜌 ∝ 𝑟−3 occurs
at 𝑅𝑐 = 5 pc22. The details of the fitting and the exact functional
form are given in the Methods, however Fig. 2-top shows that an
extended MW-like NSC mass distribution is disfavored (𝜒2

𝑅
= 3.8)

when compared to a pure point mass (Keplerian) model (𝜒2
𝑅
= 0.8),

with log 𝑀𝐵𝐻/𝑀⊙ = 6.94 ± 0.15. The evidence from kinematics
alone corresponds to > 5𝜎 preference for a point mass. Additional
kinematic evidence ruling out the NSC (as well as more extensive
NSC cases) will be presented further below and in the Methods, also
through the full 2D kinematic fitting. Here we note that the implied
NSC masses, log 𝑀∗ (< 𝑅𝑐) = 6.52 and log 𝑀∗ (< 100 pc) = 7.1, are
considerably above the stellar mass limits derived from the mass-to-
light ratio of the object (see Methods).

We also note that in these tests the NSC effective radius 𝑅𝑐 was
fixed to 5 pc, as in the MW’s NSC – if left free, then the 𝑅𝑐 collapses
to 10−4 pc, hence effectively mimicking a point-mass. In the Methods
we estimate an upper limit on 𝑅𝑐 of 0.2 pc, which would make the
putative NSC in QSO1 more than 1 dex more concentrated than the
densest nuclear clusters found in the local Universe, and also more
concentrated than the densest star clusters found in the early universe
(Extended Data Fig. 2).

In addition to the NSC, we also test the Plummer sphere model23,
which typically describes Globular Clusters, and which posits a near
constant density out to a certain scale radius 𝑅𝑝 and an 𝜌 ∝ 𝑟−5

drop off once the scale radius is exceeded. This model reproduces
the observed 1-dimensional rotation curve well, however, the best-fit
𝑅𝑝 ∼ 10−4 pc and mass log(𝑀0/𝑀⊙) ∼ 6.9 effectively reduce this
model to a point mass (see Methods). In the Methods we also test
the scenario of a nuclear Dark Matter cusp, which runs into the same
problems as the NSC and Plummer sphere.

Therefore, the simplest and most direct interpretation of the rota-
tion curve is a central point mass of log 𝑀𝐵𝐻/𝑀⊙ = 6.94 ± 0.15,
consistent with the bare spectroastrometric estimate, and correspond-
ing to a supermassive black hole. Once again, as the inclination of
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Fig. 2 | Direct dynamical measurements of the black hole mass. Top Panel: 1D rotation curve along the lines of nodes. Blue points are from the binned 2D
velocity field, while the magenta crosses are the spectro-astrometry measurements. The solid black line indicates the Keplerian best fit with a point mass, giving
a BH mass of 8.3 × 106 𝑀⊙ (which is a lower limit given that with this method the inclination is not constrained). The dot-dashed line is for a Nuclear Star
Cluster (see text), which results in a worse fit. Bottom Panel: Comparisons of the residuals of the full MOKA3D fits. The point mass Keplerian rotation gives
residuals far smaller than the Nuclear Star Cluster model.

the rotation is unconstrained by this method, this mass estimate is a
lower limit.

In order to examine the robustness of our conclusions against
sources of systematic uncertainty, we re-analyze our data by con-
structing self-consistent kinematics models by using the MOKA3D

framework24,25, which takes into account the detailed flux distribu-
tion of the kinematic tracers, inclination effects, and the point spread
function. The mass distribution models considered are the same as in
direct fitting above - the point mass, NSC and Plummer sphere. The
residuals of the fitting models for the point mass and NSC are shown
in the bottom panel of Fig.2 (while the Plummer sphere is shown
in the Methods). Through this independent analysis, we find that the
best fitting model (𝜒2

𝑅
= 1.17) is Keplerian rotation around a point

mass of log 𝑀 = 7.7 ± 0.3, when corrected for 52 ± 2◦ inclination
estimated via the same method (see Methods), which is consistent
with the lower limit obtained above from the direct fits to the rota-
tion curve. The Plummer sphere model can also provide a good fit
(𝜒2

𝑅
= 1.60), however, it does so by collapsing the sphere to a point

mass with a best-fit 𝑅𝑝 = 0+3
−0 pc (see Methods), just as for the direct

1D rotation fitting discussed above. The NSC model does remain
extended (𝑅𝑐 = 4 ± 2 pc) when fitted to the full 2D kinematics,
however, the considerable systematic residuals, as illustrated in Fig.

2-bottom, and the much higher 𝜒2
𝑅
= 2.26, indicate that this model

is an inadequate fit to the data. Finally, we also robustly exclude
kinematic contamination from outflows utilizing a combination of
spectroastrometry and MOKA3D modeling (see Methods for details).

These results represent the first direct, dynamical measurement
of a BH mass at the Epoch of Reionization and in an LRD. An
immediate implication is that alternative scenarios explaining this
LRD without accreting black holes are essentially ruled out. Addi-
tionally, we can investigate the reliability of single-epoch BH mass
virial estimates out to the Epoch of Reionization, and specifically
for LRDs. Fig. 3 shows a comparison between our BH mass direct
measurement and other literature estimates obtained using the virial
scaling relations. As can be seen, our spectroastrometry lower limit
and the MOKA3D measurement are entirely consistent with these
estimates. On the other hand, an electron scattering scenario7, while
providing a good spectral fit to the broad lines (see Extended Data
Fig. 7), underestimates the BH mass by nearly 2 dex (Fig.3). Other
scenarios, such as Balmer scattering, which have been claimed to
also give black hole masses two orders of magnitude lower8 relative
to the virial relations, are also ruled out.

The resulting Eddington luminosity of the black hole is 7.6 ×
1045 erg s−1. By using standard scaling relations between broad
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H𝛼 and bolometric luminosity26 (and using the extinction 𝐴𝑉 =

0.66±0.40 derived by Ref.12), we infer that the black hole is accreting
well below its Eddington limit, with 𝐿/𝐿Edd ≈ 0.03. If the broad H𝛼

to bolometric luminosity relation is higher than estimated locally, as
suggested by Ref.6, then this would imply 𝐿/𝐿Edd ∼ 0.01 − 0.02,
indicating that the black hole might be in a near-dormant state. Yet,
the black hole may still have experienced previous super-Eddington
bursts, as inferred by Ref.27 for another over-massive, dormant black
hole at a similar redshift.

Finally, we note that the Keplerian rotation curve leaves little
room for any stellar component. Specifically, in the Methods we
derive a dynamical upper limit on the stellar mass in the host galaxy
of 𝑀∗ < 2 × 107 𝑀⊙ . This is very conservative as it is assuming
an exponential disc distribution, and it includes any distributed mass
components such as dark matter and gas (see Methods). As discussed
in the Methods, a powerlaw profile with 𝜌 ∝ 𝑟−3 or a NSC-like mass
distribution gives a similar upper limit. This upper limit makes QSO1
the most “naked” massive black hole ever found, with 𝑀BH/𝑀∗ > 2,
and in line with the previous finding that this black hole is hosted in an
environment that is chemically nearly pristine12. This demonstrates
the possibility of black-hole primacy, i.e. black holes forming and
growing earlier and/or much faster than their host galaxy. The lower
limit on the 𝑀BH/𝑀∗ ratio is three orders of magnitude higher than
observed locally. Fig.4 shows how extreme QSO1 is on the 𝑀BH
versus 𝑀∗ diagram relative the local relation - located at the extreme
tail of the overmassive black holes identified by JWST in previous
surveys28.

The only scenarios that can account for such a system are those in-
voking “heavy seeds”, such as Direct Collapse Black Holes (DCBHs,
resulting from the direct collapse of massive pristine clouds), or Pri-
mordial Black Holes (PBHs, formed in the first second after the Big
Bang)29–31.

Yet, most DCBH scenarios would require a strong source of UV
radiation in the vicinity, which is not seen (not even a post-starburst
galaxy that might have produced UV radiation in the past), although

some scenarios may expect direct collapse in different environ-
ments32. However, DCBH models suggest that their early growth
is limited by the baryon fraction in an atomically-cooling halo33,34,
placing an upper limit to the 𝑀BH/𝑀dyn ratio of ∼ 0.1, i.e. more
than 1 dex lower than our inferred lower limit.

On the other hand, some independent evidence for the PBH sce-
nario comes from the very low metallicity of this system, as discussed
in Ref12. However, the observed mass of 5× 107 𝑀⊙ is significantly
higher than the preferred 106 𝑀⊙ PBH mass scale given by the
electron-positron annihilation epoch in the ultra-early universe35;
therefore, the observed mass would require either significant ac-
cretion or rapid merging of PBHs, which may be linked to their
highly clustered nature36. The intermediate scenario of “Not-Quite-
Primordial Black Holes” (NQPBHs)37, whereby heavy seeds formed
at 1+𝑧 > 200, when the Cosmic Microwave Backgroud was energetic
enough to photo-disocciate molecular hydrogen, hence suppressing
cooling, could also be a viable, alternative possibility.

Regardless of the specific model, the high mass in such a remote
cosmic epoch, the extremely high 𝑀BH/𝑀∗, together with the near-
pristine environment12, indicate that QSO1 is a massive black hole
seed caught in the earliest phases of accretion38.
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Methods
Conventions

Throughout this work we assume a flatΛCDM cosmology withΩ𝑚 =

0.315, 𝐻0 = 67.4 km s−1 Mpc−1 48. All reported magnitudes are in
the AB system. Following the lensing model of14, we adopt a flux
magnification factor 𝜇 = 6.2 and a shear factor of 3.52 for our source
(image A of QSO1). Hence, 1 arcsec in the image plane corresponds
to 1.52 physical kiloparsecs (pkpc). For robustness tests we use the
Bayesian Information Criterion (BIC), defined as 𝐵𝐼𝐶 ≡ 𝜒2 + 𝑘 ln 𝑛,
where 𝑘 is the total number of model parameters and 𝑛 - the number
of points fitted, a decrease in BIC, ΔBIC ≥ 5 between two models
was required for robust preference of one over the other, although
our main conclusions remain unchanged even if a stricter ΔBIC ≥ 10
threshold is adopted.

Data reduction

We use data from the BlackTHUNDER NIRSpec-IFU survey, fo-
cusing on the 7.3-hour exposures with the G395H grating, giv-
ing a nominal spectral resolution 𝑅 = 3, 700 at the wavelength
of H𝛼 17. The NIRSpec IFU was centered on image A of QSO1
(𝑅𝐴 = 00 : 14 : 19.161; 𝐷𝐸𝐶 = −30 : 24 : 05.664)13. A detailed
description of the reduction procedures is available in4,17, however,
a summary will be provided here for context.

The spectra were extracted following the procedures of49, but
using version 1.17.1 of the JWST pipeline. At 𝑧 = 7.04, the H𝛼

line falls just outside the nominal wavelength coverage, however, the
F290LP filter does not cut off longer wavelengths and the detector
efficiency allows to recover H𝛼 emission. We perform this recovery
by extrapolating the wavelength solution, flat-field curves and the
grating equation derived LSF out of the nominal range and towards
the detector sensitivity limit of 𝜆 = 5.34 𝜇m. The peak of the H𝛼 line
of Abell2700-QSO1 falls on 𝜆 = 5.278 𝜇m, hence our modification
readily recovers the entirety of H𝛼 emission. While flux calibrations
beyond the nominal range may suffer inaccuracies, the primary in-
terest of this work is a kinematics study, hence our key kinematics
results are insensitive to flux calibrations. The BH mass measure-
ments are more affected, however, the square root dependence of BH
mass on luminosity means that flux calibrations have to be wrong by
an order of magnitude to significantly impact the measurements.

The nominal spaxel scale of the processed data was 0.05", however,
utilizing the large number of dithers we are able to oversample the
cube to a scale of 0.02" per spaxel without incurring significant
sampling artefacts. We choose the 0.02" cube for the main kinematic
and spectroastrometric analysis, with the 0.05" cube used to perform
consistency checks, ensuring that our results are not pixel sampling
artefacts.

Narrow line kinematics

In order to constrain the narrow line kinematics, we perform spaxel-
by-spaxel fitting of the original cube to subtract the broad H𝛼 and the
continuum components. The broad H𝛼 emission was modeled with
the same shape as derived from combined spectrum in17, consisting
of two Gaussians with FWHM of 450 and 1800 km s−1 and con-
taining 41% and 59% of the total broad line flux respectively. This
composite profile was then scaled in the fitting procedure to repro-
duce the data in each spaxel. In addition to the broad line emission,
the H𝛼 profile of Abell2744-QSO1 also includes significant absorp-

tion. We account for this in the fitting by including an absorption
profile of the form:

𝐹𝜆

𝐹𝜆;0
= 1 − 𝐶 𝑓 + 𝐶 𝑓 𝑒

−𝜏𝜆 , (1)

where 𝐹𝜆

𝐹𝜆;0
is the ratio of transmitted to emitted fluxes,𝐶 𝑓 is the cov-

ering factor and 𝜏𝜆 - a Gaussian optical depth distribution character-
ized by the optical depth at the core of the line (𝜏0), Doppler broaden-
ing (𝑏) and velocity offset from the narrow emission (𝑑𝑣). Following
the results of17, we adopt 𝐶 𝑓 = 0.55, 𝜏0 = 1.9, 𝑏 = 100 km s−1

and 𝑑𝑣 = −36 km s−1 as the parameters to Equation 1. The narrow
H𝛼 line was parametrized as a Gaussian, with 𝜎 bounded between
10 and 50 km s−1 and peak location allowed to shift by 100 km s−1

relative to the redshift obtained from an aperture spectrum.
After subtracting the broad line and continuum emission, we per-

form Bayesian fitting of the narrow H𝛼 emission. We choose a flat
prior on the FWHM of the narrow H𝛼 line, bounded between 10
and 200 km s−1, while the redshift prior was a Gaussian centered
on 𝑧 = 7.03674,17 and had a FWHM of 100 km s−1 in velocity
space. The posteriors were estimated using a Monte Carlo integrator
emcee50 with only spaxels for which the line was detected at > 5𝜎
significance considered for further analysis. The H𝛼 emission and
kinematics maps obtained as the median values of the posteriors are
shown in Fig.1. The velocities were calculated from the difference
between the Hα redshift in each spaxel and the median value.

As can be seen in the figure, the narrow H𝛼 kinematics reveal a
strong velocity gradient of an amplitude of 10 km s−1. This value
is smaller than the spectral pixel scale of 20-25 km s−1, but it is
well known that with high signal-to-noise it is possible to measure
offsets below the spectral and spatial resolutions51, with an accuracy
that is given by Δ𝑣 ∝ 𝐹𝑊𝐻𝑀𝐿𝑆𝐹 × (𝑆/𝑁)−1. However, wave-
length calibration issues may potentially introduce spurious effects.
In particular, due to data-processing issues, point sources may display
spurious rotation of up to ≲ 1 spectral pixel (Beck T., in prep.

★
). In

case of false rotation, the inferred velocity gradient is always across
the IFU slicers, because spaxels along the same slice tend to have
a constant velocity offset with respect to the centre of the source.
However, in our case, the observed velocity gradient is aligned to
the slicers, i.e., orthogonal to the direction expected for potential,
spurious rotation. We can therefore rule out the observed rotation
being due to data-reduction artifacts.

While the narrow line emission is spatially extended up to 200 pc
scales as found by12, this extent is not much larger than the IFU PSF
at H𝛼 wavelengths17. As shown in Fig. 1, QSO1 is resolved into
only two beams. We thus do not attempt to construct a rotation curve
through a full line of nodes. Instead, we bin the positions of positive
and negative velocity spaxels to map out the red and blue wings of
the rotation curve. The bins were chosen to include approximately
equal numbers of spaxels at 50, 100 and 150 pc distances from the
center of rotation (black star in Fig.1 - this was found iteratively as
part of the fit, and then confirmed to be consistent with the best fit
obtained by MOKA3D). The binned velocities are obtained through
an rms weighted mean of the contributing spaxels in each bin. We
then take into account pressure support by adding in quadrature the
velocity dispersion, 𝜎, to the observed velocity in each spaxel52 with
the final error on spaxel rotational velocity being a combination of
the fitting errors on 𝜎 and 𝑣 values. When conducting the averaging,
we conservatively assume the largest spaxel velocity error to apply

★
Available on jdocs.

https://jwst-docs.stsci.edu/known-issues-with-jwst-data/nirspec-known-issues/nirspec-ifu-known-issues#gsc.tab=0
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to the entire bin. Hence, our velocity errors are ∼ 6 km s−1, similar
to what is reasonably achievable at our resolution and signal-to-
noise17. It should be noted that using the median redshift as the
velocity zero point can skew the observed rotation as the narrow Hα

flux distribution is skewed towards the blue side (Fig. 1). This causes
more of the pixels on the blue side to be above the S/N threshold
for inclusion into the extended kinematics map, skewing the median
to one side. In order to account for this bias, we force the mean
velocity across both wings to be zero. Note that in the MOKA3D
modelling, discussed below, the determination of the zero velocity is
a free parameter of the global fit; the two rest frame central velocities,
independently determined with the two methods, are consistent with
each other.

Spectroastrometric measurements

The spatial resolution (0.1") of the NIRSpec IFU data is larger than
the 30 pc scales, below which the influence on kinematics from a
point mass with a few tens million masses would be most apparent.
However, both spatial and spectral information present in the data
can be combined to measure sizes significantly below the nominal
resolution, if the signal-to-noise is high enough. The method through
which this is accomplished, spectroastrometry, was first conceived
to measure separations between close binary stars53,54 and has been
applied to search for BHs in the centers of galaxies by21 and, more
recently, to measure BLR sizes and BH masses in bright QSOs20.

The spectroastrometric measurements, when carried out on an
IFU cube containing an emission line involve slicing the line into
several velocity channels an constructing an image of the source in
each. Afterwards, centroids in each velocity channel are measured
and distances to the reference zero velocity channel are computed.
With sufficient signal to noise, this method can recover a rotation
curve at scales smaller than the PSF by leveraging the fact that
centroid accuracy for a given S/N and spatial resolution is given by
𝜎𝐶 = 0.6𝜃 (𝑆/𝑁)−1 51, where 𝜃 is the size of the PSF. Given the
peak S/N = 12 of the Hα line, our nominal centroid accuracy is thus
𝜎𝐶 ∼ 5 mas, corresponding to 2 pc on the source plane. In practice,
the measurement error is larger than this value as it is also influenced
by flux errors on individual pixels making up the image.

We perform the spectroastrometric analysis using the same broad
line and continuum subtracted cube as in the previous section. The
centroid measurements were carried out using three velocity chan-
nels: −40 < 𝑣 < 40 km s−1, serving as the zero velocity reference
point and −100 < 𝑣 < 0 km s−1, 0 < 𝑣 < 100 km s−1, tracing
the blue and red wings of the line respectively. The widths of these
channels are equal to 2-3 spectral channels of the underlying cube
and were chosen in order to maximize S/N in each channel image.
The centroid positions were measured by fitting 2D quadratic poly-
nomials (although the results are not strongly influeced by the exact
centroiding routine) via astropy, with the errors estimated through
bootstrap resampling utilizing the rms of the blank parts of the image
as 1𝜎 error on the flux. The centroid positions are shown in Extended
Data Fig.1a and indicate that the centroids of the blue and red wings
of the line lie on the opposite ends of the 𝑣 = 0 channel centroid
and are broadly aligned with the large scale rotation. While the exact
positions of the centroids are subject to some uncertainty, the signif-
icance of the separation is 3-5𝜎, indicating that the measurements
trace small-scale rotation. It should be noted that the |𝑣 | = 0 cen-
troid in Extended Data Fig.1a does not coincide with the dynamical
center inferred by MOKA3D modeling, this is because the overall flux
distribution (Fig. 1a) is asymmetric. MOKA3D takes into account this
asymmetry (as well as any other non-radial flux distribution), how-

ever, spectroastrometry does not. As a consequence, the absolute
location of the spectro-astrometry centroids is affected by this issue,
but the relative position of the centroids is very precise.

The integrated narrow Hα profile is shown in Extended Data Fig.
1b and indicates some emission present at |𝑣 | ∼ 150 km s−1 at
about 2𝜎 significance, however, extending the velocity bins out to
150 km s−1 does not impact the results.

In order to estimate the virial mass of the object, we utilize the
methods laid out in21, which derive the following mass estimator:

𝑀spec sin2 𝑖 = 𝑓spec
FWHM2𝑟spec

𝐺
, (2)

where 𝑟spec is the spectroastrometric radius, FWHM - width of the
emission line analyzed and 𝑖 - the inclination angle. The calibrated
𝑓spec value is 1.0, with 0.15 dex scatter21.

The measured separation between the red and blue centroids
of the H𝛼 is 24.9+9.4

−9.4 pc, after correcting for the shear lens-
ing factor of 3.5214. Taking 𝑟spec as half this separation gives
𝑟spec = 12.4+4.7

−4.7 pc, coupled with FWHM = 52+14
−14 km s−1 17,

this yields log 𝑀spec sin2 𝑖/M⊙ = 6.90+0.23
−0.23. This estimate should be

interpreted as a lower limit as the inclination is unconstrained.

Rotation curve analysis

In order to better constrain the central point mass as well as inves-
tigate the alternative scenarios, such as potential contributions from
a compact nuclear star cluster, we combine our spectroastrometric
measurements with resolved kinematics in order to construct a rota-
tion curve for QSO1.

Computing the velocity field to which models can be fit requires
combining line of sight velocity (𝑣obst, shown in Fig. 1b) with ob-
served velocity dispersion to obtain the corrected, ’rotational’ veloc-
ity 𝑣rot. In order to do this, we add the velocity dispersion and 𝑣obs in
quadrature. The dispersion value was 15-20 km s−1 for the red and
blue wings and ∼ 34 km s−1 for the axis of rotation. In order to com-
pute 𝑣rot for the spectroastrometric data points, we use a flux weighted
average of the velocity channels, giving 𝑣obs sin 𝑖 = 51 km s−1.
Hence, the dispersion corrected ⟨𝑣rot sin 𝑖⟩ = 20 ± 6 km s−1 in the
extended wings and 𝑣rot sin 𝑖 = 61 ± 6 km s−1 for the spectroastro-
metric points, indicating a better 3𝜎 detection of rotation. The factor
of sin 𝑖 is written to explicitly state that these are the projected values,
uncorrected for inclination.

As the resultant rotation curve, shown in Fig.2, is sparsely sampled,
we only consider simple 1 to 2 parameter models for fitting. Model
curves were constructed following a Keplerian prescription:

𝑣(𝑅) =
√︂

𝐺𝑀 (< 𝑅)
𝑅

(3)

where 𝑅 is the distance from the center, while 𝑀 (< 𝑅) - the mass
enclosed within 𝑅. Our fiducial fit follows a point mass assumption
with 𝑀 (< 𝑅) ≡ 𝑀 ≡ 𝑐𝑜𝑛𝑠𝑡., which yields log 𝑀/𝑀⊙ = 6.94±0.05.
We note that the uncertainty on this value is purely a fitting error
and could be underestimated, hence we re-estimate the error using
bootstrap resampling, taking into account the width of the velocity
bins, we estimate a more conservative measurement error of 0.15 dex.

In order to fit the curve with a compact stellar mass distribution,
we fit the data with a nuclear star cluster (NSC) model derived for the
Milky Way by22 who find a density profile following an 𝑅−2 power
law in the central 5 pc and dropping off as 𝑅−3. From this density



10

0.01 0.00 0.01
x(")

0.02

0.01

0.00

0.01

y(
")

a Centroids

500 0 500
v km s 1

0.00

0.25

0.50

0.75

1.00

1.25

Fl
ux

 (n
or

m
al

ize
d)

b H  nr. (<150 pc)

40 20 0 20 40
v [km/s]

Extended Data Fig. 1 | Spectroastrometry on the narrow line. Panel a -
locations of the centroids of each velocity channel with the green line showing
the PA of the IFU slicer. Panel b narrow Hα line profile extracted from a 0.1"
aperture (coinciding with the scales traced by our kinematics fits) with colored
bars showing the velocity bins. While the line profile appears to show some
evidence of a wing at ∼ −150 km s−1, expanding the velocity channels to
include it does not meaningfully alter the results.

profile, we construct the following function for 𝑀 (< 𝑅):

𝑀 (< 𝑅) =


4𝜋𝑅𝐴 if 𝑅 < 𝑅𝑐

4𝜋𝑅𝑐𝐴

[
1 + log

(
𝑅
𝑅𝑐

)]
if 𝑅 ≥ 𝑅𝑐

(4)

where 𝐴 is the parameter setting the overall normalization and 𝑅𝑐 is
the radius at which the switch in the power law profile occurs. It is
important to note that this is different from the “effective radius” 𝑅𝑒
of the 2D light distribution; in the case of the MW NSC the 𝑅𝑒 is a
factor of 0.84 smaller than 𝑅𝑐 . We initially fit the NSC model fixing
𝑅𝑐 to 5 pc, the same value as found by Ref.22. This fit is shown as a
dashed gray line in Fig.2 and produces a considerably worse 𝜒2

𝑅
= 3.8

than the point-mass (pure BH) fit with 𝜒2
𝑅
= 0.8. This corresponds

to a difference in the BIC of ∼ 20, indicating robust preference for
the point mass fit. It 𝑅𝑐 is allowed to vary freely, then the NSC best
fit model gives 𝑅𝑐 = 10−4 pc with 𝑀 (< 𝑅𝑐) ∼ 106 M⊙ , which
would imply extreme stellar densities, in excess of 1017 M⊙ pc−3.
Such densities are orders of magnitude above the densest stellar
systems seen in the Universe and show that our NSC model effectively
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Extended Data Fig. 2 | Comparison between QSO1 and star cluster ob-
servations on the mass-radius plane. The upper limit on the size of a NSC in
QSO1 is shown by a red star, illustrating that it is implausible when compared
with local NSC (teal diamonds) 55 and dense star clusters at z=10 (salmon
crosses) 56. The black lines illustrate mass - radius scaling relations for Early
and Late type galaxies derived by Ref. 55 with grey shading indicating scatter.
The value for QSO1 represent the maximal extent allowed by an NSC-only
model. The upper limit on the radius is nearly an order of magnitude lower
than both local and distant clusters at a similar mass range.

collapses to a point mass if 𝑅𝑐 is not fixed. We estimate an upper
limit on 𝑅𝑐 by fitting a fixed value and lowering it until the difference
in BIC between the best-fit and the fixed 𝑅𝑐 model reduces below
5. This way we estimate 𝑅𝑐 < 0.2 pc with 𝑀 (< 𝑅𝑐) ∼ 106.2 M⊙ ;
this limit is over 1 dex below even the most compact NSC in this
mass range in the local Universe55, as well as the dense star clusters
found in the lensed Cosmic Gems arc by Ref.56, as illustrated in
Extended Data Fig. 2. The upper limit on the NSC stellar mass is
even lower if one adopts the density profile inferred for NSCs in other
galaxies (𝜌 ∝ 𝑟−2)57. Hence, a point mass is needed to account for
our observed dynamics.

In addition to the NSC model described above we consider the
Plummer sphere23 model, frequently used to describe the density
profiles of globular clusters. The enclosed mass function for the
Plummer sphere takes the following form:

𝑀 (< 𝑅) = 𝑀0
𝑅3(

𝑅2 + 𝑎2
)3/2 (5)

where 𝑀0 is the total mass of the system and 𝑎 - the scale radius.
While this model performs similarly well to the point mass, it does
so by fitting 𝑎 ∼ 10−4 pc and thus results in similar unphysically
high stellar densities, as in the case of the NSC.

In addition to being excluded by the ΔBIC value, a Milky Way
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NSC-like density profile with 𝑅𝑐 ∼ 5 pc produces a total stellar mass
of 107.2 M⊙ , which is above constraints on the stellar mass derived
from UV and optical emission as discussed in the next section.

A remaining potential caveat of our analysis is that only isotropic
velocity distributions were considered - velocity anisotropies could
steepen the radial velocity gradient of a diffuse mass component58

increasing the allowable extended mass. However, the steepness of
the observed velocity gradient is such that any extended component
collapses to a point when the scale radius is left free. Hence, it is
unlikely that anisotropies of the underlying velocity field significantly
skew our results.

Lastly, we explore what, if any, constraints on the dark matter
(DM) halo surrounding the object can be obtained from our data. We
thus fit the widely adopted Navarro-Frenk-White density profile59.
The enclosed mass for which is given by:

𝑀 (< 𝑅) = 4𝜋𝜌0𝑅
3
𝑠

[
ln( 𝑅 + 𝑅𝑠

𝑅𝑠
) − 𝑅

𝑅 + 𝑅𝑠

]
, (6)

where 𝜌0 and 𝑅𝑠 are the characteristic density and scale radius re-
spectively. However, as with the previous extended mass distribu-
tions, the above model collapses to a point with 𝑅𝑠 ∼ 10−4 and
𝜌0 ∼ 1014 M⊙ pc−3, once more collapsing to a point mass and pro-
ducing unrealistic densities. However, this does not imply that QSO1
resides outside of a DM halo. Instead, our attempts at reproducing the
kinematics with an extended density profile imply that any extended
mass component is sub-dominant at the < 200 pc scales probed by
our measurements.

Optical and UV constraints on stellar mass

The dynamical mass estimates discussed above are sensitive to the
total mass present in the object. The kinematics fits shown in Fig.2
alone constitute > 5𝜎 evidence against significant stellar contribu-
tion to the mass of the object. In addition, Ref.4 have shown that the
optical continuum of Abel2700-QSO1 is dominated by AGN emis-
sion, with a stellar contribution of <10%. Stellar contribution to the
UV continuum can not be ruled out and was indeed suggested as a
way to explain the observed power law slopes by Ref.8, and the ob-
served spatial offsets60, although some indications of UV variability
in QSO14 suggest that even the UV maybe AGN-dominated. Yet,
even conservatively assuming that the UV light is entirely stellar,
it would give a stellar mass much lower than the dynamical mass
inferred by us, as discussed in the following. The UV magnitude
measured for image A is 𝑀UV = −15.60, after correction of 𝜇 = 6.2.
Utilizing the 𝑀∗ − 𝑀UV relation from Ref.61, we obtain a stellar
mass estimate of log 𝑀∗/M⊙ = 6.03. This is almost 1 dex lower than
the measured virial mass. In addition, while Ref.4 have shown that
the UV continuum is damped by a different hydrogen column den-
sity than the optical, the observed slope can be explained by nebular
emission. Hence our stellar mass value should be treated as an upper
limit and stars can be conclusively ruled out as dominant contributors
to the virial mass budget.

MOKA3D kinematics modeling

The measurements described above, while self consistent, do not
fully take into account instrumental effects such as PSF broadening.
In order to check the robustness of our conclusions if such effects are
accounted for, we refit the narrow line cube with the MOKA3D frame-
work24,25. MOKA3D is a 3D kinematic framework that can model
conical outflows or disks by assuming spherical, conical or cylin-
drical geometries respectively, with any irregular distribution of the

emitting clouds within the velocity field. The 3D model is populated
with a distribution of fictitious clouds that account for the observed
emission. These clouds are weighted according to the observed nar-
row H𝛼 flux in each spaxel and spectral channel of the data cube.
As described in the following, the model clouds follow an analyti-
cal velocity field as a function of the radius, whose parameters are
fitted to reproduce the observed emission and kinematic features via
least-squares minimization.

As in the previous analysis, we consider three potential mass dis-
tributions - a point mass, a NSC density profile and a Plummer
sphere. The comparison between the residuals of the different mod-
els is given in Fig. 2 and Extended Data Fig. 3. As can be seen in
the figures, a point mass profile is strongly preferred over any ex-
tended density profile. The Plummer sphere model, while leaving
similar residuals to a Keplerian curve, does so with a scale radius
𝑅𝑃 = 0+3

−0 pc (Extended Data Fig. 3), essentially collapsing into a
BH. The NSC model remains extended even when 𝑅𝑐 is allowed to
vary (best fit 𝑅𝑐 = 4±2 pc), however, it leaves significant systematic
residuals in both velocity and velocity dispersion profiles, as shown
in Fig. 2. While the absolute values of the velocity residuals are 0.5 -
1.0 km s−1, their systematic nature (and high 𝜒2

𝑅
) indicates that the

NSC model is inadequate in modeling the observed kinematics.
It is notable that the MOKA3D point mass model gives

log 𝑀BH/𝑀⊙ = 7.7 ± 0.3 with an inclination of 52◦ ± 2◦, entirely
consistent with the lower limit obtained from the previous direct
measurements. In fact, the spectroastrometric mass estimate, when
corrected for the inclination becomes consistent with the MOKA3D

value to within 2𝜎 (7.2 ± 0.15 vs 7.7 ± 0.3).
In order to test if the inclination estimate is robust, as well as verify

the presence of a rotating disk, we construct a non-parametric model
wherein the disk is split up into three distinct shells that are fitted with
independent inclinations. We find that this model fits the data well and
produces shell inclinations of ∼ 45 ± 10◦ consistent with each other
and the value found by the parametric models (Extended Data Fig. 4).
The fact that consistent results are obtained regardless of the precise
analytical procedure employed indicates that our measurements are
robust.

Tentative nuclear outflow

The remaining concern of our kinematics modeling is the potential
presence of outflows, which are common in AGN host galaxies in the
local Universe and a biconical outflow viewed edge-on can resemble
a rotating disk. This is a particular concern for QSO1 as analysis
of the H𝛽 and [OIII] emission in this source by12 has identified a
likely extended outflow component in H𝛽, traced by an intermediate
width, blueshifted component. In addition, the broad H𝛼 line shows
a bimodal profile, with a narrower (FWHM = 490 km s−1) broad
component superimposed on a broader (FWHM = 1800 km s−1)
emission line17.

We investigate weather the intermediate Hα component is spa-
tially distinct from the broad one by extracting an annular spectrum
between 0.2 and 0.3" from the center - corresponding to 300 - 450 pc
on the source plane. This extraction annulus is ∼ 30% larger than
utilized in Hβ analysis by Ref.12 in order to account for additional
beam smearing, by a 30% larger PSF at Hα wavelengths. The re-
sulting annular spectrum is shown in Extended Data 5b (purple line)
and clearly reveals that the intermediate velocity component (|v| <
500 km s−1) is spatially distinct from the broad component and is
thus likely associated with a large scale outflow.

In order to further investigate the presence of outflows in our ob-
ject, we perform spectroastrometric analysis of the full line profile,
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Extended Data Fig. 3 | Residuals of the MOKA3D fit of the Plummer sphere model. While the performance of this model is effectively only slightly worse
than that of a point mass (𝜒2

𝑅
= 1.6 vs 𝜒2

𝑅
= 1.17), the best fit 𝑅𝑝 = 0+3

−0 pc indicates that this is simply because the model ends up reproducing a point mass.

Extended Data Fig. 4 | MOKA3D inclination constraints. Inclination value
found by fitting parametric models, orange line with shading indicating 1𝜎
uncertainty, compared to inclinations found from a non parametric disk model
in three independent rings (black points). The non parametric model is inter-
nally consistent among the three independent rings and consistent with the
parametric curves well within 1𝜎.

splitting it into channels of |𝑣 | = 50 km s−1, tracing low velocity
gas, |𝑣 | = 250 km s−1 and |𝑣 | = 550 km s−1 tracing the intermediate
component and |𝑣 | = 1100 km s−1 - tracing the high velocity broad
wings. The centroids of the relevant velocity channels are shown in
Extended Data Fig.5a and show that the red wing of the line is sig-
nificantly offset from the blue. This likely indicates contamination
by higher velocity unresolved outflows inducing turbulence as the
red and blue nodes of the high velocity channels do not lie on op-
posite sides of the |𝑣 | = 0 km s−1 channel. In addition, the apparent
’rotation’ is more perpendicular to the IFU slices, which might be
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Extended Data Fig. 5 | Spectroastrometric analysis of the full line profile.
Panel a Centroids of the different velocity channels defined in the text show-
casing the offset of the positive high velocity channels. The |𝑣 | = 0 channel
is marked with a black cross while the green line shows the PA of the IFU
slicer. Panel b Hα line profiles extracted from the inner 300 pc (green line)
and an 300 - 450 pc annulus (violet line) normalized to the peak of the inner
300 pc spectrum. The vertical colored bars denote the velocity bins for which
centroids were measured with colors corresponding to their points in a.

indicative of instrumental effects associated with the calibration of
different slices.

While all broad components are removed by our broad line sub-
traction procedure, the narrow line kinematics may still end up con-
taminated. Indeed, the centroid of the red wing narrow line slightly
shifts in position once the underlying broad emission is subtracted
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(see Extended Data Fig. 1), although the significance of this shift is
< 2𝜎. However, as shown in Fig. 1, the observed velocity dispersion
of the narrow component is very low and drops off with increasing
distance from the axis of rotation, which would be unusual for an
extended outflow. In addition, it would be a very improbable con-
spiracy for the velocity distribution of the putative outflow to exactly
mimic Keplerian rotation.

To investigate more quantitatively the outflow potential contam-
ination to narrow line kinematics we construct a biconical outflow
model in MOKA3D. In particular, we assume a bi-conical geometry
with aperture angle of 40◦, position angle of 135◦† and a constant
radial velocity field for both the approaching and receding cones. We
constrained the inclination angle of the blue-shifted cone to be in the
range [-90◦,90◦], i.e. we assumed that the blue-shifted cone is ap-
proaching the observer. As shown in Extended Data Fig.6, we found
that the best solution to reproduce the observed kinematic features
requires an outflow intrinsic velocity of 110 km s−1 and inclination
with respect to the line of sight of 85◦, i.e. only 5◦ inclination with
respect to the plane of the sky. As shown in Extended Data Fig. 6
the biconical outflow model still leaves systematic residuals resem-
bling a rotating disk resulting in 𝜒2

𝑅
= 9.6, considerably worse than

any of the models assuming a rotating disk. This, coupled with the
fact that the measured velocity dispersion drops considerably away
from the axis of rotation (Fig. 1) indicates that, while outflows are
likely present in this source, the narrow line kinematics are relatively
undisturbed by them.

BH mass estimate assuming electron scattering

In order to test how the BH mass would change if the dominant
broadening mechanism was electron scattering, as proposed by7,
we refit the H𝛼 and H𝛽 lines of QSO1 with a scattering profile
constructed via the following equation:

𝑃(𝜆) = 𝑓scatt (𝐸 ∗ 𝐺BLR) (𝜆) + (1 − 𝑓scatt)𝐺BLR (𝜆), (7)

where 𝐺BLR (𝜆) is the intrinsic broad-line profile, assumed to be
virially broadened and Gaussian in shape, 𝑓scatt - the fraction of light
affected by the electron scattering and 𝐸 (𝜆) - the exponential electron
scattering profile62, defined as

𝐸 (𝜆) ∝ 𝑒−
|𝜆−𝜆0 |
𝑊 , (8)

where 𝜆0 is the central wavelength, and 𝑊 is the width of the expo-
nential.

The absorption features in the Balmer lines were modeled using
Equation 1, as in the previous section. The priors on the fit were
uninformative, flat priors over all model parameters. We inspected
the posterior probability over each model parameter, and verified
that no posterior hit the boundaries (except for physically motivated
boundaries, such as non-negative emission-line flux). The posteri-
ors were estimated using the Monte Carlo sampler emcee50, using
ten walkers per free parameters, and initializing the chains inside a
sphere centered on the maximum-likelihood solution, obtained from
differential evolution63. The best-fit, produced by the medians of the
posteriors, is shown in Extended Data Fig. 7. As can be seen there, the
integrated spectrum is well fitted by this model producing a BH mass
estimate of log 𝑀BH/𝑀⊙ = 5.9 ± 0.1. We note that, as discussed in
the main text and shown in Fig. 3, this value is nearly 2 dex lower
than the direct mass estimates, showing that it is implausible that the

† The position angle is measured clockwise from the north.

observed Hα line profile can be attributed to electron scattering. In
case of the BH mass being this low, extreme stellar densities would be
required to produce a point mass consistent with the one measured.
This result confirms the findings of64: despite providing an excellent
fit to the data, the electron scattering model violates basic physical
constraints.

Dynamic upper limit on the stellar mass in the host galaxy

In addition to spectroscopic constraints on the stellar mass of the host,
we endeavor to estimate the maximum extended mass component
permitted by our data. We perform this estimate by constructing a
combined point mass and an extended exponential disc component
modelled as an 𝑛 = 1 Sérsic density profile of half mass radius 100 pc,
truncated at 300 pc - the maximum extent of the source found by12.

If both components are left free, the point mass dominates, essen-
tially recovering the previous pure Keplerian fits. We thus derive an
upper limit on the extended mass component by forcing a particular
extended mass value and increasing it until the Δ𝐵𝐼𝐶 > 5 between
the fiducial and extended component models. Following this method,
we derive the maximum extended mass of log 𝑀 sin2 𝑖 = 6.85, simi-
lar to the mass of the BH.

However, this extended mass component is a composite of contri-
butions from stars, gas and Dark Matter and thus only serves as an
upper limit to the total stellar mass. We tighten this limit further by
estimating the ionized gas mass from the narrow line emission. The
ionized gas mass can be estimated from narrow Hβ emission via the
following equation:

𝑀ion = 0.8
𝑚p 𝐿Hβ

𝑗Hβ 𝑛e
, (9)

where 𝐿Hβ is the Hβ line luminosity, 𝑗Hβ - Hβ emissivity, 𝑛𝑒 -
electron density and 𝑚𝑝 - proton mass. Assuming standard warm in-
terstellar medium conditions of𝑇 ∼ 10000 K and 𝑛𝑒 ∼ 100 cm−3 and
taking 𝐿𝐻𝛽 = 5×1040 erg s−1 from4 we obtain log 𝑀𝑖𝑜𝑛/𝑀⊙ = 6.7,
with a similar mass obtained by using narrow Hα measurements
from17. Utilizing the inclination of 52 ± 2◦ derived from MOKA3D,
we estimate that the effective contribution of ionized gas to the un-
corrected kinematics is log 𝑀𝑖𝑜𝑛 sin2 𝑖 = 6.5. Hence, the dynam-
ical contribution of an extended stellar component cannot exceed
log 𝑀 sin2 𝑖 − 𝑀𝑖𝑜𝑛 sin2 𝑖 = 6.6.

In addition to an extended stellar distribution we also consider
the maximal contribution of a compact NSC. For this, we fix 𝑅𝑐

to 0.5 pc, a factor of 2 below the most compact NSCs seen in the
local Universe55 to account for higher redshift structures being less
relaxed. As with the previous attempts to fit a non-point mass dis-
tribution, the mass of the extended component goes to zero if left
free. We thus estimate an upper limit on the NSC mass through re-
quiring Δ𝐵𝐼𝐶 < 5 from the fiducial model. The upper limit on the
NSC mass is thus 𝑀 (< 𝑅𝑐) sin2 𝑖 = 106.1 M⊙ with the BH mass
reducing slightly to 𝑀BH sin2 𝑖 = 106.44 M⊙ . A similar mass ratio
is maintained even when setting 𝑅𝑐 = 0.2 pc, the upper limit found
earlier.

We also repeat the above analysis using the MOKA3D framework,
finding that 𝑀∗ ≤ 107.2 M⊙ within 850 pc for an extended expo-
nential disc profile and 𝑀∗ ≤ 106.55 M⊙ for a NSC-like distribution
with 𝑅𝑐 = 0.5 pc. Taking the estimated 𝑀BH = 107.7 M⊙ , we obtain
𝑀𝐵𝐻/𝑀𝑠𝑡𝑎𝑟 > 2−15. As before, the stellar masses estimated above
are upper limits, as dynamical mass measures are sensitive to the
combined mass of gas, stars and DM, which we are unable to fully
disentangle due to lack of emission tracing gas on larger scales. We
note that these dynamical upper limits are fully consistent with the
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Extended Data Fig. 6 | Residuals of a fit assuming a biconical outflow. The residuals and hence the 𝜒2
𝑅

value are considerably worse than any of the fits
assuming a rotating disk.
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Extended Data Fig. 7 | Fits to the Hα line assuming a line profile domi-
nated by electron scattering. The combined best fit is shown by the red line,
the scattered Hα BLR is shown in cyan with the NLR shown in green, the
blue line shows the transmitted, unscattered BLR. As can be seen in residual
plots (panel b), the model fits the data well, however, the BH mass derived
is 2 dex (∼ 4𝜎) below the dynamic mass measurements as discussed in the
text.

gas and stellar masses estimated in the previous section, overall, any
extended mass component below 106.5 M⊙ has no impact on the fit
given the observational uncertainties.

The above analysis implies a 𝑀BH/𝑀𝑠𝑡𝑎𝑟 > 2 for any reasonable
mass distribution, with the inclination term canceling in the ratio.
This is an extreme lower limit since it does not include contributions
from non-ionized gas and DM. Therefore, QSO1 represents the most
naked BH yet discovered, leaving only direct collapse and primordial
BHs as potential progenitors.

Aside from heavy seeding, a lone black hole can originate as a
runaway from a triple black hole interaction in a galaxy nucleus65,66.
The lightest black hole is ejected at about 1000 km s−1, and so at
redshift 7 may travel up to 20 arcsec in 100 Myr. We consider this
scenario very unlikely as it compounds 2 unlikely events (being

ejected and then coinciding with a cluster caustic). Searching the
neighborhood of QSO1 for a suitable galaxy is complicated by the
strong lensing, however, Ref.13 do not report any nearby objects
associated with QSO1. Either way, a quantitative examination into
the origins of this object is beyond the scope of this paper.

Constraints on the gas mass

As discussed above, contributions to the dynamical mass from ion-
ized ISM gas, on scales of ∼ 100 pc, are very small, and anyhow are
taken into account. Contribution, on these scales from neutral gas,
would make the upper limit on the stellar mass (based on dynamical
modeling) even lower.

In the nuclear region, the amount of ionized gas is even smaller.
Indeed, as the emissivity scales quadratically with the density and
the broad lines are coming from the BLR, which has a density higher
than 109 𝑐𝑚−3, the mass of nuclear ionized gas inferred from the
luminosity of the broad Balmer lines is only of order of a few solar
masses (see e.g. Ref.67), as also inferred from Equation 9.

The putative envelope of dense ionized gas that, according to
the electron scattering scenarios, should produce the exponential
line wings must also have a negligible mass. Indeed, such gas must
recombine and its signature should be associated with one of the
Balmer emission line components and, if the densities are as high as
expected by those scenarios, the masses must be similarly low. Ref7

estimate an upper limit on the mass of the putative ionized envelope
of < 105 𝑀⊙ (for systems that are much more luminous than QSO1),
i.e. negligible relative to the mass estimated by us dynamically.

The envelope of neutral gas responsible for the putative Balmer
scattering8 68 must also be negligible. This can be estimated by
scaling from the case of the Rosetta Stone5, in which the column
and density of neutral gas was estimated in detail, thanks to the
presence of multiple transitions in absorption. In this case we obtain
a mass of ∼ 6 × 104 𝑀⊙ , again negligible. In the case of the local
LRD analogue the “Lord of LRDs”69 or the “Egg”70, which has a
luminosity similar to QSO1, an upper limit on the mass of the neutral
envelope of 7 × 105 𝑀⊙ has been estimated - again negligible when
compared to our dynamical mass estimates.
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Data availability
The data used in this study were obtained as part of JWST program
ID 5015, and are available from the Mikulski Archive for Space Tele-
scopes at the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS 5-03127 for JWST. The reduced data will
be made available after review.
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