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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. Owing to their peculiar properties3–6, modelling LRDs with standard  
AGN scenarios has proven challenging. In particular, the validity of single-epoch virial 
mass estimates in determining the black-hole masses of LRDs has been called into 
question, with some models claiming that masses might be overestimated by up  
to two orders of magnitude7–10. Here we report a direct, dynamical black-hole mass 
measurement in a strongly lensed LRD at a redshift of 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 black-hole mass estimates. 
The Keplerian rotation leaves little room for any stellar component in a host galaxy,  
as we conservatively infer MBH/M⁎ > 2 (where MBH is the black-hole mass and M⁎ is the 
stellar mass). Such a ‘naked’ black hole, together with its near-pristine environment11, 
indicates that this LRD is a massive black-hole seed caught in its earliest accretion 
phase.

Abell 2744−QSO1 (hereafter QSO1) is a strongly lensed, triply imaged 
system, first discovered in the James Webb Space Telescope ( JWST) 
Near Infrared Camera imaging by ref. 12, whose redshift was con-
firmed to be z = 7.04 through Near Infrared Spectrograph (NIRSpec) 
prism spectroscopy13, which also revealed broad components in Hα 
and Hβ lines. The compactness and a red optical (rest frame) slope 
together with a blue ultraviolet (rest frame) slope classify it as a typi-
cal ‘little red dot’ (LRD)2,14. Further observations clearly spectrally 
resolved the broad- and narrow-line emission, and also detected line 

variability4,15,16, thereby robustly identifying QSO1 as hosting an accreting  
black hole (BH). On the basis of virial relations using broad-line widths 
and luminosities, a BH mass of about 4 × 107 M⊙ was estimated4,13,15. How-
ever, these results rest on the assumption that ‘virial relations’17 that are 
calibrated locally, are still applicable at z = 7. In this work, we provide a 
direct BH mass measurement in the high-redshift Universe, indeed illus-
trating that virial BH mass calibrations apply to this prototypical LRD.

It is first interesting to note that, given the low narrow-line veloc-
ity dispersion in QSO115 (σN < 22 km s−1; Supplementary Information 
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section 1.1), the BH’s sphere of influence, assuming the mass estimated 
from the virial relations, has a radius of ≳270 pc, which should be resolv-
able with JWST, owing to the gravitational lens shearing of about 3.5 
(ref. 13). However, we will not make any a priori assumptions about the 
BH mass in the following analysis.

We perform a detailed analysis of the spatial and kinematic infor-
mation present in the current deep, high-resolution NIRSpec integral 
field spectroscopy data, by focusing on the narrow Hα emission. The 
line flux, line-of-sight velocity (first moment) and velocity dispersion 
(second moment) maps are shown in Fig. 1 (top). Clearly, the narrow Hα 
velocity field reveals a velocity gradient with an amplitude of approxi-
mately 10 km s−1.

The narrow-line emission is spatially extended on scales of up to 
approximately 200 pc, as found by ref. 11 (whereas the continuum is 
unresolved13). We sample the rotation curve across 2 spatial bins cor-
responding to 100-pc and 150-pc distances from the rotation centre 
(Methods). We do not bin velocities at distances closer to the centre, as 
these are affected by beam smearing with the velocities on the opposite 
side, and require other techniques to be resolved (spectroastrometry 
and full three-dimensional (3D) analysis, discussed below). The binned 
velocities are shown as blue circles in Fig. 2.

The small size of the object makes it difficult to trace the inner parts 
of the rotation curve. However, given the high signal-to-noise on Hα, 
it is possible to recover kinematic information below the spatial reso-
lution beam through spectroastrometric techniques. In brief, spec-
troastrometry consists in identifying the centroid positions when 
scanning spectroscopic channels of a line18, producing a map of aver-
age gas positions across a velocity range (Extended Data Fig. 1 and 
Supplementary Information section 1.2). We find that the centroids of 
the Hα emission in the +50 km s−1 and −50 km s−1 velocity channels are 
separated by 24.9 ± 9.4 pc in the source plane (magenta crosses in Fig. 2). 
Taking half of this separation gives a radius scale r = 12.5 pcspec −4.7

+4.7 , 

which, coupled with the velocity, yields a spectroastrometric enclosed 
mass in solar masses ⊙M M( / )spec  of ⊙M Mlog( / ) = 6.70−7.2spec  (Supple-
mentary Information section 1.2). This is a lower limit, as the inclina-
tion is unconstrained with this method. We have also leveraged 
spectroastrometry by splitting the line in finer velocity bins (lighter 
violet markers in Fig. 2; Supplementary Information section 1.2)—in 
this case, the signal-to-noise is lower, hence these points are less con-
straining, but they clearly show evidence of a rapidly declining rotation  
curve.

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. We there-
fore combine the spectroastrometric measurements with the large-
scale rotation to construct a rotation curve for QSO1 (Fig. 2). We fit the 
data in Fig. 2 with (1) a point mass and (2) a compact, yet extended, 
mass distribution mimicking the (thoroughly studied) nuclear star 
cluster (NSC) of the Milky Way19. Details are given in Methods; however, 
Fig. 2 shows that an extended Milky-Way-like NSC mass distribution is 
disfavoured (reduced chi-squared  χ = 3.2R

2 ) when compared with a 
pure point mass (Keplerian) model ( χ = 1.0R

2 ), with  BH mass, 
log(MBH/M⊙) = 6.75 ± 0.15. The evidence from kinematics alone corre-
sponds to >5σ preference for a point mass. Additional kinematic evi-
dence ruling out the Milky Way NSC (and more extensive NSC cases) 
are presented further below and in Methods, also through the full 3D 
kinematic fitting. Here we note that the implied NSC masses, 
logM⁎(<Rc) = 6.52 and logM⁎(<100 pc) = 7.1, are considerably above the 
stellar-mass limits derived from the mass-to-light ratio of the object 
(Supplementary Information section 1.8). In these tests, the NSC effec-
tive radius Rc was fixed to 5 pc, as in the Milky Way’s NSC—if left free, 
the Rc collapses to 10−4 pc, effectively mimicking a point-mass. In Meth-
ods, 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 
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Fig. 1 | Hα narrow-line emission and moment maps of QSO1. The top row shows 
the observed integrated narrow Hα flux, and the first and second moments of 
the flux distribution, which correspond to line-of-sight velocity and velocity 
dispersion, respectively. The middle row shows the best-fit Keplerian MOKA3D 
model to the Hα maps. The bottom row shows the residuals of the best-fit 
model. The dashed green ellipse in the top-left panel shows the point spread 

function and the inner red solid ellipse shows 3σ uncertainty of the centroids  
of the velocity channels used for spectroastrometry. The green segment shows 
the orientation of the integral-field-unit slices, approximatively parallel to the 
rotation field, indicating that the latter cannot be a calibration artefact. The 
spatial scale is given by the black line in the top-left panel.
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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, in Methods we also test the Plummer 
sphere model20, which typically describes globular clusters, as 
well as a nuclear dark-matter cusp, both of which run into the same 
problems as the NSC—fitting the data by collapsing to a point 
 mass.

Therefore, the simplest and most direct interpretation of the rota-
tion curve is a central point mass larger than log(MBH/M⊙) = 6.75 ± 0.15, 
consistent with the bare spectroastrometric estimate, and correspond-
ing to a supermassive BH. Once again, as the inclination of the rota-
tion is unconstrained by this method, this mass estimate is a lower  
limit.

To examine the robustness of our conclusions against sources of 
systematic uncertainty, and without having to rely on spectroastrom-
etry, we re-analyse our data by constructing self-consistent kinematics 
models by using the MOKA3D framework21,22, which takes into account 
the detailed flux distribution of the kinematic tracers, inclination 
effects and smearing by the point spread function. The mass distribu-
tion models considered are the same as in the direct fitting above—the 
point mass, NSC and Plummer sphere. The model and residuals for the 
point-mass case are shown in Fig. 1, and the residuals in the cases of the 
NSC and the Plummer sphere are shown in Extended Data Fig. 3. 
Through this independent analysis, we find that the best fitting model 
( χ = 1.17R

2 ) is Keplerian rotation around a point mass of logM = 7.7 ± 0.3, 
when corrected for 52 ± 2° inclination estimated via the same method 

(Methods), which is consistent with the lower limit obtained above. 
The Plummer sphere model can also provide a good fit ( χ = 1.60R

2 ); 
however, it does so by collapsing the sphere to a point mass with a 
best-fit  scale radius R = 0p −0

+3  pc (Methods), just as for the direct 
one-dimensional rotation fitting discussed above. The NSC model does 
remain extended (Rc = 4 ± 2 pc) when fitted to the full two-dimensional 
kinematics; however, the considerable systematic residuals (Extended 
Data Fig. 3, bottom) and the much higher χ = 2.26R

2 , 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 modelling (Supplementary Informa-
tion section 1.5).

These results represent a direct, dynamical measurement of a BH 
mass at z > 5 and in an LRD. An immediate implication is that alter-
native scenarios explaining this LRD without accreting BHs are 
essentially ruled out. In addition, we can investigate the reliability of 
single-epoch BH mass virial estimates out to the epoch of reioniza-
tion, and specifically for LRDs. Figure 3 shows a comparison between 
our BH mass direct measurement and literature estimates obtained 
using the virial scaling relations, showing full consistency. However, 
the scenario in which the broad lines are produced by electron scat-
tering7, while providing a good spectral fit to the broad lines (Sup-
plementary Fig. 8), underestimates the BH mass by nearly 2 dex  
(Fig. 3).

The resulting Eddington luminosity (LEdd) of the BH is 7.6 × 1045 erg s−1. 
By using standard scaling relations between broad Hα and bolo-
metric luminosity (L)23, we infer that the BH is accreting well below 
its Eddington limit, with L/LEdd ≈ 0.02. If the broad Hα to bolometric 
luminosity relation is higher than estimated locally (for example, 
ref. 6), then this would imply L/LEdd ≈ 0.01 or lower, indicating that 
the BH might be in a near-dormant state. For this reason, the BH 
mass estimates using bolometric luminosity (Lbol) with assumed 
L/LEdd = 1, fail to match our dynamical measurement (Fig. 3). Yet, the 
BHs may still have experienced previous super-Eddington bursts, as 
inferred by ref. 24 for another overmassive, dormant BH at a similar  
redshift.

Finally, we note that the Keplerian rotation curve leaves little room 
for any stellar component. Specifically, in Supplementary Information 
section 1.7, we conservatively derive a dynamical upper limit on the 
stellar mass in the host galaxy of M⁎ < 2 × 107 M⊙. To our knowledge, this 
upper limit makes QSO1 the most ‘naked’ massive BH ever found, with 
MBH/M⁎ > 2, and in line with the previous finding that this BH is hosted 
in an environment that is chemically nearly pristine11. This demon-
strates the possibility of BH primacy, that is, BHs forming and growing 
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earlier than their host galaxy. The lower limit on the MBH/M⁎ ratio is 
three orders of magnitude higher than observed locally. Figure 4 shows 
how extreme QSO1 is on the MBH versus M⁎ diagram relative the local 
relation—located at the extreme tail of the overmassive BHs identified 
by JWST in previous surveys25.

The only scenarios that can account for such a system are those invok-
ing ‘heavy seeds’, such as direct-collapse BHs (resulting from the direct 
collapse of massive pristine clouds) or primordial BHs (formed in the 
first second after the Big Bang)26–28.

Yet, most direct-collapse BH scenarios would require a strong source 
of ultraviolet radiation in the vicinity, which is not seen (not even a 
post-starburst galaxy that might have produced ultraviolet radiation 
in the past), although some scenarios may expect direct collapse in 
different environments29. However, direct-collapse BH models suggest 
that their early growth is limited by the baryon fraction in an atomi-
cally cooling halo30,31, placing an upper limit on the MBH/Mdyn ratio of 
approximately 0.1, that is, more than 1 dex lower than our inferred lower  
limit.

However, some independent evidence for the primordial BH sce-
nario comes from the very low metallicity of this system11. However, 
the observed mass of 5 × 107 M⊙ is significantly higher than the pre-
ferred 106 M⊙ primordial BH mass scale given by the electron–positron 
annihilation epoch in the ultra-early universe32 (but see also ref. 33); 
therefore, the observed mass would require either significant accre-
tion or rapid merging of primordial BHs, which may be linked to their 
highly clustered nature34.

Regardless of the specific model, the high mass in such a remote cos-
mic epoch, the extremely high MBH/M⁎, together with the near-pristine 
environment11, indicate that QSO1 is a massive BH seed caught in the 
earliest phases of accretion35.
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Fig. 4 | Location of QSO1 on the MBH–M⁎ plane. QSO1 is indicated by the red 
star. The remaining points represent measurements from other JWST 
observations of low-mass active galactic nuclei (AGN)25,37–42 and quasars43–45. 
The solid green line shows the local scaling relation from ref. 17, with the scatter 
indicated by shading. The other green lines indicate constant MBH/M⁎ ratios. 
With MBH/M⁎ > 2, QSO1 lies orders of magnitude above the local scaling relations 
and is approximately 1 dex more overmassive than even the most extreme 
sources found by JWST so far.
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Methods

Conventions
Throughout this work we assume a flat Λ (dark energy) cold-dark-matter 
cosmology with matter density parameter Ωm = 0.315 and a Hubble 
constant H0 = 67.4 km s−1 Mpc−1 (ref. 46). All reported magnitudes are 
in the AB system. Following the lensing model of ref. 13, 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. For robustness tests, we use the Bayesian 
information criterion (BIC), defined as BIC ≡ χ2 + klnn, where k is the 
total number of model parameters and n is the number of points fit-
ted; 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 integral field unit survey, 
focusing on the 7.3-hour exposures with the G395H grating, giving a 
nominal spectral resolution R = 3,700 at the wavelength of Hα15. The 
NIRSpec integral field unit was centred on image A of QSO1 (right ascen-
sion 00:14:19.161; declination −30:24:05.664)12. A detailed description 
of the reduction procedures is available in refs. 4,15; however, a sum-
mary is provided here for context.

The spectra were extracted following the procedures of ref. 47, 
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 line spread function (LSF) out of the nominal 
range and towards the detector sensitivity limit of λ = 5.34 μm. The peak 
of the Hα line of QSO1 falls on λ = 5.278 μm; hence, our modification 
readily recovers the entirety of Hα emission. Although flux calibrations 
beyond the nominal range may suffer inaccuracies, the primary interest 
of this work is a kinematics study; hence, our key kinematics results are 
insensitive to flux calibrations. The BH mass measurements are more 
affected. However, the square-root dependence of the 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 spec-
troastrometric analysis, with the 0.05″ cube used to perform consist-
ency checks, ensuring that our results are not pixel sampling artefacts.

Spectroastrometry of the rotation curve
To constrain the density profile of QSO1, we combine spectroastrometric 
measurements with resolved kinematics. The technical details of spaxe-
by-spaxel fitting and spectroastrometry are given in Supplementary 
Information sections 1.1 and 1.2; here we summarize that we subtract the 
broad Hα emission from the cube and create images of different velocity 
channels of narrow Hα for which centroids can be obtained at sub-point-
spread-function scales (provided a sufficient signal to noise48) and used 
to map dynamics below the nominal instrumental resolution49,50. The 
fiducial spectroastrometric analysis utilizing two velocity channels for 
higher signal to noise is shown in Extended Data Fig. 1. However, as shown 
in Fig. 2, splitting the line into finer bins does not change our results.

We infer the outer parts of the rotation curve by binning the line-of-
sight velocity field (shown in Fig. 1) on scales >60 pc to avoid beam 
smearing. This procedure resulted in 4 bins covering the negative and 
positive sides of the rotation curve with ⟨vsini⟩ ≈ 10 km s−1 (where v is 
the line-of-sight velocity and i is the inclination angle) with nominal 
uncertainties of order 1 km s−1. However, these uncertainties, estimated 

through the standard root mean square (rms) weighting scheme, do 
not take into account the velocity field cross-correlation between spax-
els of each bin owing to beam smearing and hence are probably sig-
nificantly underestimated. An a priori derivation of the covariance 
matrix is intractable as it would require fitting individual dithers, which 
have far too low signal to noise. We thus use an empirical approach—
scaling the naive rms-derived errors until the optimal model in the 
family of models fitted has χ = 1R

2 . This yields an upper limit on the 
possible errors as it assumes that the optimal model is the ground truth. 
Consequently, using this method, we can establish a lower limit on the 
significance of the optimal model (which turns out to be a point mass) 
over other models considered.

For the spectroastrometric data points, we use a flux weighted aver-
age of the velocity channels, giving ⟨vsini⟩ = 51 ± 4 km s−1. The factor 
of sini 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 consider only simple one- or two-parameter models for fitting. 
Model curves were constructed following a Keplerian prescription: 

v R
GM <R

R
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where G is the gravitational constant, R is the distance from the cen-
tre and M(<R) is the mass enclosed within R. Our fiducial fit follows 
a point-mass assumption with M(<R) ≡ M ≡ constant , which yields 
log(M/M⊙) = 6.75 ± 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, and we estimate a more conservative 
measurement error of 0.15 dex.

To fit the curve with a compact stellar-mass distribution, we fit the 
data with an NSC model derived for the Milky Way by ref. 19 who find a 
density profile following an R−2 power law in the central 5 pc and drop-
ping off as R−3. From this density profile, we construct the following 
function for M(<R): 
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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 impor-
tant to note that this is different from the ‘effective radius’ Re of the 
two-dimensional light distribution; in the case of the Milky Way 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. 19. This fit is shown as 
a dashed grey line in Fig. 2 and produces a considerably worse χ = 3.2R

2  
than the point-mass (pure BH) fit with χ = 1.0R

2 . This corresponds to a 
difference in the BIC of about 11, indicating robust preference for the 
point-mass fit, particularly as our error rescaling procedure provides 
a lower limit on the significance of the preferred model. If 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 dens-
est stellar systems seen in the Universe and show that our NSC model 
effectively 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 differ-
ence 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 Universe51, as well as the dense star clusters found in the lensed 
Cosmic Gems arc by ref. 52, as illustrated in Extended Data Fig. 2. The 
upper limit on the NSC stellar mass is even lower if one adopts the den-
sity profile inferred for NSCs in other galaxies (ρ ∝ r−2)53. Hence, a point 
mass is needed to account for our observed dynamics.



In addition to the NSC model described above we consider the Plum-
mer sphere20 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 M
R

R R
(< ) =

( + )
(3)0

3

2
P

2 3/2

where M0 is the total mass of the system and RP is the scale radius. 
Although this model performs similarly well to the point mass, it does 
so by fitting RP ≈ 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 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 ultraviolet and 
optical emission as discussed in Supplementary Information section 1.8.

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 component54, 
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 halo 
surrounding the object can be obtained from our data. We thus fit the 
widely adopted Navarro–Frenk–White density profile55. The enclosed 
mass for which is given by: 
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where ρ0 and Rs are the characteristic density and scale radius, respec-
tively. However, as with the previous extended mass distributions, 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 producing unrealistic densities. 
However, this does not imply that QSO1 resides outside of a dark-matter 
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. We 
attempt the above analysis using Hβ narrow or [O iii]. However, these 
lines are too faint for constraining measurements.

MOKA3D kinematics modelling
The measurements described above, although self-consistent, 
do not fully take into account instrumental effects such as 
point-spread-function beam smearing and the emissivity distribu-
tion of the light tracers. In the simplified analysis above, we overcome 
these issues by leveraging spectroastrometry. However, to check the 
robustness of our conclusions if such effects are accounted for, we inde-
pendently refit the narrow-line cube with the MOKA3D framework21,22. 
MOKA3D is a 3D kinematic framework that can model conical out-
flows or disks by assuming spherical, conical or cylindrical geometries 
respectively, with any irregular distribution of the emitting clouds 
within the velocity field. The 3D model is populated with a distribu-
tion of fictitious clouds that account for the observed emission. These 
clouds are weighted according to the observed narrow Hα flux in each 
spaxel and spectral channel of the data cube. As described in the follow-
ing, the model clouds follow an analytical 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 distribu-
tions—a point mass, an NSC density profile and a Plummer sphere. For 
each potential mass distribution, we parameterized the model clouds’ 
circular velocity following equations (1)–(3). The free parameters of 
each kinematic profile are listed in Extended Data Table 1, specifically: 
total mass (in the case of the Keplerian rotation, this is the point mass); 

parameter A from equation (2), which represents the overall normali-
zation of the NSC model; inclination of the disk (0° would be a face-on 
disk) or inclination of the outflow axis (0° outflow pointing towards the 
observer); effective radius of the density distribution (defined by equa-
tions (3) and (2) for the Plummer sphere and NSC models, respectively); 
intrinsic velocity for the outflow model; and the position angle of the 
kinematic configuration on the plane of the sky (measured clockwise 
from the top of the image). As discussed in ref. 21, to remove the degen-
eracies that are present when deriving 3D structures from the observed 
two-dimensional projections on sky, we minimized the numbers of 
free parameters by considering pure circular motions with no radial 
flows (except when testing the outflow scenario). For each potential 
mass distribution, we allowed the free parameters to vary in a wide 
range with no a priori constraints. Then, we ran the fitting routine—
creating a 3D model cube with the same spatial and spectral binning 
as the observed data for each set of parameters. We then extracted the 
integrated model spectrum and compared with the observed one. The 
optimal set of parameters for each model was derived following the 
least-squares method of minimizing the distance between the observed 
and the model data cubes. During this procedure, we convolve the 
model cube with the point spread function and weight each fictitious 
cloud in the 3D model cube by the observed flux in each spectral channel 
of each pixel to ensure that any mismatch between model and data is 
solely due to assumptions on the underlying geometry and kinemat-
ics. This procedure allows us to obtain a 3D model cube—identical to 
the observed one in terms of spatial and spectral binning—from which 
we can compute moment maps to be compared with observations. 
In-depth descriptions of the principles being MOKA3D are provided in  
refs. 21,22.

The comparison between the residuals of the different models is 
given in Fig. 1 (for the point-mass case) and Extended Data Fig. 3 (for 
the NSC and for the Plummer sphere cases). As can be seen in the figures, 
a point-mass profile is strongly preferred over any extended density 
profile. The Plummer sphere model, while leaving similar residuals to 
a Keplerian curve, does so with a scale radius R = 0 pcP −0

+3  (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 Extended Data Fig. 3.

As discussed in the following, very little velocity dispersion is 
included in the modelling (less than 7 km s−1, well below the instru-
mental resolution) as the velocity dispersion in each pixel can be very 
simply reproduced by correctly modelling the line profile in each spaxel 
and weighting the model clouds against the observed flux; in other 
words, the apparent velocity dispersion is mostly and fully recovered 
simply by the velocity field, beam smearing and brightness distribu-
tion. In particular, a precise determination of the best-fit parameters 
via MOKA3D, combined with the innovative flux-weighting technique 
exploited by this model, guarantee to reproduce the observed moment 
maps at unprecedented detail, as demonstrated by refs. 56–58. Indeed, 
by definition, moment maps are computed taking into account the flux 
distribution along the velocity space, which is what makes MOKA3D 
so effective in reproducing them once the observed and model line 
profile match. The crucial step of assigning the observed flux in each 
spectral and spatial channel to the corresponding model clouds that 
belong to the same channel is what allows MOKA3D to reproduce the 
observed feature with such high accuracy, once the model parameters 
are correctly inferred. It is important to stress that no flux distribution 
is ever assumed by MOKA3D but instead is recovered from the data 
via the weighting procedure and after the correct set of parameters is 
unveiled. This allows MOKA3D to reproduce extremely irregular and 
asymmetric features. Therefore, despite the set of best-fit parameters 
inferred with MOKA3D, any extended density profile is not the preferred 
parameterization to reproduce the observed features in each spaxel 
due to absence of model clouds with the necessary projected velocity.
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To further clarify that the underlying MOKA3D kinematical model 

does not intrinsically have asymmetries, Extended Data Fig. 4 shows the 
intrinsic unweighted kinematical model underlying the full weighted 
model reported in Fig. 1. The asymmetric flux distribution (in the flux 
map) and asymmetric kinematic features (for example, in the veloc-
ity dispersion map) seen in Fig. 1 emerge only when MOKA3D weights 
each emitting clouds to optimally reproduce the observed (irregular) 
flux distribution.

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 inclina-
tion becomes consistent with the MOKA3D value to within 2σ (6.9–7.2 
versus 7.7 ± 0.3).

To test whether the inclination estimate is robust, as well as to 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 approximately 45 ± 10°, consistent with 
each other and the value found by the parametric models (Extended 
Data Fig. 5). The fact that consistent results are obtained regardless 
of the precise analytical procedure used indicates that our measure-
ments are robust. In Supplementary Information sections 1.4 and 1.5, 
we further consider, and rule out, contributions of outflows to the 
narrow-line kinematics.

We also note that a diffuse, extended (exponential) disk-like mass 
distribution (M ≈ 107 M⊙, Rs = 150 pc), while reproducing the large-scale 
(r > 100 pc) kinematics, would predict a smoothly declining velocity 
towards the centre, in stark contrast to the steep inner velocity slope 
of the one-dimensional curve, as illustrated in Extended Data Fig. 6. 
Likewise, MOKA3D gives substantial residuals for such an extended 
density profile (Extended Data Fig. 7).

We finally emphasize that the MOKA3D analysis is fully independ-
ent of the spectroastrometry approach. Although both analyses use 
the same data cube as input, they are otherwise entirely separate 
approaches with spectroastrometry hinging on the simple approach 
of centroiding different velocity channels, whereas MOKA3D 
self-consistently models the entire data cube.

Data availability
The data used in this study were obtained as part of JWST programme ID 
5015, and are available from the Mikulski Archive for Space Telescopes 
(https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html) at 
the Space Telescope Science Institute, which is operated by the Asso-
ciation of Universities for Research in Astronomy, Inc., under NASA 
contract NAS 5-03127 for JWST. The exact reduced data products used 
are available on Zenodo (https://zenodo.org/records/19402518).

Code availability
The MOKA3D code underpinning this study is available at https://github.
com/cosimomarconcini/moka_3d. A simplified demo version capable 
of reproducing the main results is made available with the paper.
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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.
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Extended Data Fig. 2 | Comparison between QSO1 and star cluster 
observations 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)51 and dense star clusters at z = 10 (salmon 
crosses)52. The black lines illustrate mass - radius scaling relations for Early and 
Late type galaxies derived by ref. 51 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.



Extended Data Fig. 3 | Residuals of the MOKA3D fit for the models with 
‘extended’ mass distribution. The Nuclear Star Cluster model gives residuals 
(and χR

2) much larger than the point mass Keplerian rotation. The performance 

of the Plummer Sphere model is effectively only slightly worse than that of a 
point mass ( χ = 1.6R

2  vs χ = 1.17R
2 ); however, the best fit R = 0p −0

+3 pc indicates that 
this is simply because the model ends up reproducing a point mass.
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Extended Data Fig. 4 | Intrinsic, unweighted, MOKA3D model. From left to 
right - flux, velocity field and velocity dispersion. This model underlies the full 
weighted model shown in Fig. 1.



Extended Data Fig. 5 | 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 internally 
consistent among the three independent rings and consistent with the 
parametric curves well within 1σ.
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Extended Data Fig. 6 | Spectroastrometric rotation curve with an 
exponential disc model. Same as Fig. 2 in the main text, except the dotted line 
illustrates the velocity field expected from an exponential disc with ~107 M⊙ and 
Rs = 150 pc. As shown here, such a model provides a considerably worse fit than 
the others considered.



Extended Data Fig. 7 | MOKA3D residuals for an exponential disc. The disk was taken to have ~107 M⊙ and Rs = 150 pc. It can be seen that such a model does not 
reproduce the data as well as the fiducial point mass model.
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Extended Data Table 1 | MOKA3D free parameters and their 
best-fit values for the kinematic models explored

From left to right: logarithmic mass ( Mlog( )) of the mass distribution, normalization parameter 
of the NSC mass distribution ( Alog , see Eq. (2)), inclination of the model with respect to the 
line of sight, scale radius (R), radial outflow velocity (Vout), and position angle (PA), of either the 
rotation disc’s lines of nodes or of the outflow’s axis, on the plane of the sky.
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