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Tight relationships exist in the local universe between the central stellar properties of
galaxies and the mass of their supermassive black hole!?3. These suggest galaxies and
black holes co-evolve, with the main regulation mechanism being energetic feedback
from accretion onto the black hole during its quasar phase*>5. A crucial question is how
the relationship between black holes and galaxies evolves with time; crucial epoch to
probe this relationship is at the peak of both star formation and black hole growth 8-12
billion years ago (redshifts 1-3)’. Here we report the first supermassive black hole mass
measurement in a quasar 11 billion years ago by spatially resolving the broad line
region with spectro-interferometry. We detect a 37 micro-arcsecond (0.31 pc) spatial
offset between the red and blue photocenters of the Ha line that traces the velocity
gradient of a rotating broad line region. The flux and differential phase spectra are well
reproduced by a thick, moderately inclined disk of gas clouds within the sphere of
influence of a central black hole with a mass of 3.2x102 solar masses. Molecular gas data
reveal a dynamical mass for the host galaxy of 6x10!! solar masses, which indicates an
under-massive black hole accreting at a super-Eddington rate. This suggests a host
galaxy that grew faster than the supermassive black hole, indicating a delay between
galaxy and black hole formation for some systems.

Main

An important open question in astrophysics is the role of supermassive black holes (SMBHs)
in shaping the host galaxies in which they live. Evidence for the importance of SMBHs in
galaxy evolution lies in the strong observed correlations between the SMBH mass (Mgn) and
properties of the surrounding stellar bulge (e.g., stellar velocity dispersion, luminosity,
mass)>3. These correlations imply a co-evolution between the growth of the SMBH and host
galaxy®. Energetic feedback from the SMBH during its active galactic nucleus (AGN) phase
is one proposed mechanism for regulating the growth of both the SMBH and galaxy*> but
other explanations include natural hierarchical growth through mergers® or fueling from a

common gas reservoir!®!1,

Studies have now turned to measuring the SMBH-galaxy scaling relations at higher redshift
to both determine the evolutionary timeline and identify the processes controlling the co-
evolution. Constraining the correlations at high redshift would help define whether the
SMBH or galaxy builds up first. Further, a study of a suite of cosmological simulations
revealed that each differs significantly in the time evolution of the correlations even though
they all accurately reproduce the local relationships!'?. These differences are found to be
driven by the choice of sub-grid models employed for AGN feedback, and therefore tracing
these scaling relations over cosmic time is essential for understanding coevolution.



Studies of the high redshift SMBH-galaxy relationships, however, have returned differing
conclusions with some indicating no evolution!'®!*!1> while others suggesting a significant
increase in the average black hole to stellar mass (Msn/Msteliar) ratio'®!713, Significant
uncertainty however stems from the difficulty in measuring Mgn. In the local universe, the
black hole sphere of influence can be resolved and Mpn measured via stellar and gas
dynamics. But at high redshift, the only viable method until now has been through the locally
calibrated “single epoch” method using only the line width of a broad-line region (BLR)
emission line and AGN luminosity!%-?*21-22, This method, however, carries with it a large
uncertainty up to 0.6 dex?! and again has only been calibrated in the local universe.

Resolving a BLR at z>2 with GRAVITY

Using GRAVITY+ at the Very Large Telescope Interferometer (VLTI) %%, an upgrade to the
existing GRAVITY instrument®*, we observed SDSS J092034.17+065718.0 (hereafter
J0920) on four nights with the newly commissioned wide-field, off-axis fringe tracking mode
(GRAVITY-Wide)***. GRAVITY-Wide allows for atmospheric phase corrections using stars
up to 30 arcseconds away from the science target compared to 2 arcseconds for the nominal
dual-field mode. This significantly increases the sky coverage of GRAVITY in particular for
targets away from the Galactic plane including high redshift quasars.

With a K-band magnitude of ~15 mag, J0920 is one of the most luminous quasars at z ~ 2,
making it an attractive target for GRAVITY-Wide given its expected large broad-line-region
(BLR) size based on the radius-luminosity relationship and its bright Ho emission line
redshifted into the K-band. We first selected the quasar from the Million Quasar Catalog®®
after associating each quasar to the nearest stars from the 2MASS Point Source Catalog.
J0920 is located 12.7 arcseconds away from the K=10.4 star, 2MASS 09203423+0657053,
allowing for off-axis fringe tracking needed for long exposures. From the near-infrared
spectrum taken with the TripleSpec instrument at Apache Point Observatory, we measure a
redshift of 2.325 for the broad Ho emission line (Methods).

We extracted average differential phase curves of J0920 for each of the six baselines. For
targets much smaller than the resolution limit, the differential phase is proportional to the
displacement of the source photocenter along the baseline. The “S-shape” differential phase
signal characterizing a velocity gradient through the Ha line (Figure 1a) in a BLR dominated
by rotation, as illustrated by our observations at low redshift?’2%2%3%  clearly appears on the
longest baselines (Figure 1b). The differential phase peaks at 1.4+0.8 deg blueward of the
line center and has a minimum of -1.5+0.6 deg redward of the line center. In addition, the
differential phase at the peak of the line profile is 0.5+0.6 deg and consistent within the
uncertainties with 0 deg.

! Based on observations collected at the European Southern Observatory under ESO programme(s) 110.2427.002
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Figure 1 | Main broad line region observational and modelling results. (a) Observed
GRAVITY+ Ha total flux line profile averaged over the four Unit Telescopes and
normalized to the continuum (black points). The red curve and shaded region indicate the line
profile for our best fit BLR model and 68" %tile confidence region respectively. (b)
Differential phase curve across the Ha line averaged over three baselines (blue points) with
lo uncertainties. The red curve and shaded region also show the differential phase for our
best fit BLR model and 68" %tile confidence region. The distinct S-shape signal is expected
for a velocity gradient. (¢) Model-independent photocenters for the central 10 wavelength
channels (small coloured points). The colour of the points represents the line-of-sight velocity
and the grey ellipses show the 68" %tile confidence region. The larger blue and red points
with ellipses show the average blueshifted and redshifted photocenters with their 68" %tile
confidence regions. (d) On-sky cloud representation of our best fit BLR model showing an
inclined, rotating, thick disk. As in (c), the colour represents line-of-sight velocity.

We measure model-independent photocenters for the central 10 wavelength channels using
all six baselines (Figure 1c¢) and observe a global East-West shift from the blue to the red
wing of the line indicative of a velocity gradient. By binning all redshifted and blueshifted
channels together, we measure an average separation between the two sides of Dpjoo = 37£12
pas (0.31£0.10 pc at z = 2.325) indicating a detection significance of 3-6c (see Methods).

To estimate the BLR properties and the central SMBH mass, we simultaneously fit the
differential phase spectra and total flux spectrum with a kinematic model. The kinematic
model consists of a distribution of independent clouds moving within the gravitational



potential of the SMBH (Methods). The spectra are well fit by this model (reduced %2 = 0.6)
and the best fit is shown as the red curve in Figures 1a and 1b. Extended Data Table 1 reports
the best fit parameters and their 68™ percentile confidence intervals along with a brief
description and the prior used.

We infer a mean Ho emitting BLR radius of Rgr = 40%23 nas (0.34%317 pc) within a
moderately inclined disk (i = 32°*8) that is oriented on-sky with a position angle, PA =
87°%12. The size and PA match well the measurements from photocenter fitting (see above).
We further infer the BLR half opening angle to be 8, = 51°}1 which combined with the
inclination is consistent with an unobscured quasar. We show an on-sky representation of the
best fit BLR cloud distribution in Figure 1d.

The Broad Line Region Radius-Luminosity Relation

Our measured radius is a factor of 2.25 smaller than what would be inferred from the local
Hp based radius luminosity relation?? (see Figure 2 and Methods). Previous studies have
actually measured up to a factor of 1.5 larger sizes for the Ho emitting region compared to
HpB?%3132 as expected for a radially stratified BLR and including optical depth effects*. This
would only increase the tension between our spectro-interferometric size and luminosity
based size.

Our smaller size though is consistent with the results at lower redshift for the high luminosity
quasars 3C 273 and PDS 456 observed with GRAVITY as well as reverberation mapping of
high-Eddington ratio AGN3#3336-37 Tndeed, combining the bolometric luminosity of J0920
(log Lo =47.2 —47.9 erg s’!; see Methods) with our GRAVITY+ measured SMBH mass, we
find an Eddington ratio, Lsol/Leda = 7 - 20 which supports previous observations that super-
Eddington accreting quasars have smaller BLRs relative to the radius-luminosity relation.
More generally, this is also further independent confirmation with a highly accurate SMBH
mass that super-Eddington quasars exist. We finally note that while J0920 seems to have a
small BLR relative to the radius luminosity relation, its size would still correspond to a time
lag of ~400 days, making reverberation mapping measurements more difficult and
significantly longer compared to the few hours needed with GRAVITY+.
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Figure 2 | BLR Radius-Luminosity relation. Empirical correlation between BLR radius
and AGN luminosity (as measured by the luminosity at 5100 Angstrom). Gray points are
reverberation mapping measurements from refs. 32 and 42. Moderate luminosity, local AGN
measured by GRAVITY (red squares) 27242930 confirm the reverberation mapping based
relation (ref. 20; dashed line). High luminosity quasars, including J0920 (red star), indicate a
potential deviation from the relation towards smaller radii. Smaller BLR radii for AGN with
higher Eddington ratios have been observed previously in reverberation mapping samples and
indicated here by the increased scatter of the gray points to smaller radii*3>-3%37,

Comparison with other SMBH mass estimates

Our kinematic modelling infers a SMBH mass of log Mgy = 8.51%§:3% M, which we can

compare to mass measurements using the “single-epoch” method from three different
emission lines: CIV, HB3, and Ha.. Based on the CIV line width, we determine a mass of log
Msgu ~ 9.7 Mg, or about 1.2 dex larger than our spectro-interferometric result. Comparing the
line profiles of CIV and Ha reveals that CIV is both systematically blueshifted by 5000 km s
!'and significantly broader (FWHM ~ 8000 km s™! for CIV compared to 2500 km s™! for Ha).
For J0920, CIV therefore must be tracing a high-velocity quasar-driven outflow rather than
gravitationally bound gas, which reinforces concerns about adopting CIV-based single-epoch
masses38394041

We determine a single-epoch H} mass of log Mg = 9.24 + 0.47 M, which is 0.73 dex
higher than our measurement from GRAVITY+ data. 0.53 dex of the discrepancy originates
in the smaller BLR radius compared to that expected from the local radius-luminosity
relation. The remaining discrepancy can be attributed to the f'scaling factor needed to convert
the single-epoch virial product to a black hole mass. This scaling factor has significant
systematic uncertainty for individual objects as it is calibrated as a mean value such that a
sample of AGN match the local Mpnu-o+ relationship. The single-epoch Ha mass (log Mpu =



8.94 £ 0.48 M) is only 0.43 dex larger, again due to the smaller BLR radius. While the

single-epoch and spectro-interferometric Ho mass are reasonably in agreement, our
GRAVITY+ based mass has much lower uncertainty given the ability to self-consistently
measure size and mass and not rely on a scaling factor. Finally, we use the formalism of ref.
42 to correct the single-epoch HP3 BLR radius for the Eddington ratio using the Fell strength
and arrive at a BLR radius of 0.2 pc (Methods). This leads to a SMBH mass of 8.6 dex, now
only 0.1 dex larger than the GRAVITY+ based mass and well within the uncertainties.
Consequently, our spectro-interferometric result lends support to the idea that Eddington ratio
is a nuisance factor in the radius-luminosity relation and that the correction proposed in ref.
42 may significantly improve single epoch mass estimates, especially for high luminosity
quasars.

Our first observation of a high redshift quasar underscores the promise of this approach to
establish independent SMBH masses, in particular at high luminosity and Eddington ratio,
which dominate observations at high redshift. Indeed, after the launch of JWST and the
ability to efficiently obtain Ho and Hf} spectra for high-redshift quasars, there are a number
of studies using the single epoch method to estimate SMBH masses up to z=9 to trace SMBH
growth and its connection to their host galaxies*-#44.
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Figure 3 | Black hole and host galaxy relation. The location of J0920 in the SMBH mass —
stellar mass plane (red star) compared to previously measured z~2 AGN from ref. 15 (gray
points) and the WISSH survey>? (yellow squares). We split the figure into two panels based
on the bolometric luminosity of the comparison sample with a cut at Lyoi= 10*7 erg s’
Effectively this places all of the ref. 15 quasars in the left panel with lower luminosities and
all of the WISSH quasars in the right panel with high luminosities. While J0920 has Lo >
1047 erg s!, we still plot it in both panels for comparison. GRAVITY+ provides a
significantly improved constraint on the SMBH mass. J0920 clearly lies well below the high
luminosity WISSH quasars and within the population of the ref. 15 sample showing the
unique nature of J0920. Compared to recent local scaling relations>*; J0920 is off the early
type galaxy relation (red line) and near the late type galaxy relation (blue line). J0920 also
lies on the “intrinsic” Mpu — Mieliar relation from ref 55 (green line) who attempted to remove



selection effects and incompleteness from previous studies. Given J0920’s SMBH accretion
rate and star formation rate, it should shift directly up towards the early type relation (blue
arrow in right panel) and indicates it is currently in a state of rapid SMBH growth.

Tracing Black Hole — Galaxy Coevolution at High Redshift

To investigate the host galaxy properties, we observed J0920 with the NOEMA interferometer
in D configuration and detected the CO (3-2) emission line with a signal-to-noise ratio of 14.
This line traces the molecular gas in the host galaxy and provides a measure of the galaxy
mass even in the presence of the bright central quasar. Combining the FWHM of the CO (3-
2) line and the measured effective radius, R. = 8.3 kpc, we infer a total dynamical mass,

log (Mgyn/M@) = 11.77%3:37 using the empirical relation derived in ref 46. In parallel, the
integrated flux of the CO 3-2 line gives an estimate of the total molecular gas in the host
galaxy 0f J0920, log (My,/Mg) = 11.49 £ 0.13 (see Methods). We make the assumption
that dark matter contributes negligibly within R, as is supported by both large surveys and
deep high-resolution observations of z ~ 2 galaxies*’*34°, We then infer a stellar mass for
10920 of 1og(Mstenar/Mg) = log(Mgyn — My,) = 11.4570:25.

In Figure 3, we show J0920 on the Mpu — Mtetiar plane for z ~ 2. The two panels of Figure 3
split our comparison samples based on bolometric luminosity with high luminosity (Lvo>
1047 erg s!) quasars on the right and lower luminosity ones on the left. For lower luminosity
quasars, we use a sample of z = 1.5 — 2.5 galaxies from ref. 15 (gray points; left panel) for
which both Mpn and Mo have been measured. Mgy values for this sample were determined
through the single-epoch method using the Ha,, HP, or MglI broad emission line. Despite its
higher luminosity, J0920 sits within the population of this sample. For high luminosity
quasars we use the WISSH survey*’ (yellow points; right panel) quasars with published CO
line measurements to convert them to Mseliar in a similar way as for J0920°!. Mgy values are
either based on single epoch measurements with the Hp line®? or CIV line>?. J0920 lies well
below the WISSH quasars, with a SMBH mass ~100 times smaller despite a comparable host
galaxy mass and AGN luminosity. We point out that ~0.7 dex of the discrepancy can be
alleviated if the deviation of the H-based R-L relation at high luminosity or Eddington ratio
holds true. In addition, the CIV-based masses may be significantly overestimated if, as for
J0920, outflowing gas dominates the CIV line width but this only applies to half of the
WISSH quasars. Even with these corrections, J0920 seems to have an undermassive SMBH
given its luminosity and stellar mass that is more in line with more moderate luminosity
quasars.

We further compare J0920 to the Mpu — Msteniar local scaling relations, using a recent
measurement of the relations for early (red line in Figure 3) and late type galaxies (blue line
in Figure 3)**. We also plot as a green line the “intrinsic” Mg — Msteliar relation, which
attempted to account for bias and selection effects®. J0920 lies firmly on both the late type
galaxy relation and the “intrinsic” relation for local galaxies and well below the early type
galaxy relation.

Massive, gas-rich galaxies at z~2 are thought to be the progenitors of massive ellipticals in
the local universe®®. These objects should therefore evolve onto the early type relation in
Figure 3 by z = 0. J0920 would require more than a factor of ten growth in black hole mass
and little growth in host galaxy stellar mass to reach this relation. The SMBH however is
currently accreting material at an exceptionally fast rate of 30-140 Mg yr'! depending on the
specific bolometric correction (see Methods). Using an accretion rate of 85 Mg yr!  with the



inferred star formation rate, we show as a blue arrow in Figure 3 the position of J0920 after
107 years, which corresponds to the expected quasar lifetime’’. During this time, J0920
would evolve directly onto the local early type galaxy relation. However, it is highly unlikely
that the SMBH in J0920 would continue accreting material at such high super-Eddington
rates for such a long time. Rather, AGN feedback through a massive outflow as indicated by
the CIV line could quickly slow accretion to Eddington or sub-Eddington rates, and in this
scenario, several longer (~10® years) quasar episodes would be required to reach the local
early type relation.

Given J0920’s current black hole and stellar masses, it has clearly followed a growth history
where the galaxy was rapidly built up along with or before the black hole. Some large-scale
cosmological simulations predict this behaviour and attribute it to black hole growth in lower
mass galaxies being inefficient®®>°, One reason for this may be strong supernovae feedback
where gas is quickly expelled from the central regions before it can reach the SMBH, and
only when galaxies become massive enough to retain a nuclear gas reservoir against
supernovae feedback do SMBHs begin to rapidly grow.

J0920 is the first high-z quasar with a dynamical SMBH mass measurement with
GRAVITY+ and demonstrates the high precision that can be achieved. Moving forward, the
completion of GRAVITY+ with an upgraded adaptive optics system and laser guide stars
will allow for both larger samples and fainter quasars to probe a range of Mpn. The
combination of GRAVITY+ based SMBH mass measurements with NOEMA, ALMA,
JWST, and the next generation ground based thirty-meter class telescopes to study the host
galaxy properties will work to build a robust picture of SMBH-galaxy coevolution over
cosmic time.

Methods

GRAVITY+ Observations and Data Reduction

We observed J0920 at the VLTI with GRAVITY+?? in the new GRAVITY-Wide mode® as
part of an Open Time Service Mode programme (PID: 110.2427, PI: T. Shimizu). We used
the medium resolution (R~500) grating of the science channel spectrograph with combined
polarization and the 300 Hz fringe tracking frequency. As the fringe tracking object, we used
the star 2MASS 09203423+0657053 which lies 12.7” away from J0920. Science exposures
consisted of four 100s detector integrations (DIT=100s, NDIT=4). A normal observing block
(OB) was a sequence of six science exposures followed by a sky exposure where the science
and fringe tracking fibers were moved 2” in right ascension and declination away from their
nominal position.

OBs were executed over four nights on 2022-12-09, 2023-01-06, 2023-01-10, and 2023-01-
11 under excellent weather conditions (average seeing = 0.48”, average coherence time =
11.3 ms). We obtained in total 32 exposures (128 DITs) resulting in an on-source integration
time of 3.56 hours. However, on 2023-01-06, the UT4 science channel fiber was positioned
off the quasar. Therefore, only the three non-UT4 baselines from this night are used for
further analysis.

We first used the standard GRAVITY pipeline® (v1.4.2) to reduce all raw files up to the
application of the pixel-to-visibility matrix (P2VM). This means the pipeline performed the
bias and sky subtraction, flat fielding, wavelength calibration, and spectral extraction steps.



Application of the P2VM converts the pixel detector counts into complex visibilities taking
into account all instrumental effects including relative throughput, coherence, phase-shift,
and cross-talk. This results in four complex visibility spectra per baseline per exposure
covering the 1.97 — 2.48 um wavelength range.

At this point, we proceeded to process the intermediate products (i.e. dualscip2vmred.fits
files) with our own scripts. This was meant to mitigate potential effects related to the unique
situation where the majority of the signal is within the emission line and not the continuum.
We first measured the coherent flux within the line by summing the spectral channels
between 2.17 and 2.19 um, covering roughly the FWHM of the line. We removed frames
where the integrated emission line coherent flux was less than 103 counts. This limit was
chosen based on the integrated emission line coherent flux measured on the UT4 baselines
from 2023-01-06. On this night, the science channel fiber for UT4 was not positioned on the
quasar so any measured coherent flux is noise. Frames showed a maximum emission line
coherent flux of 10> counts which we then chose as our threshold for accepting frames on
other nights. For the selected frames, we first subtracted the pipeline measured self-
referenced phases which are a third-degree polynomial fit to the whole wavelength range of
each visibility spectrum. We then cut out the 2.10 — 2.26 um region and measured and
subtracted a second third-degree polynomial to the visibility phases to remove any remaining
residual instrumental phase and produce the differential phase spectra. To avoid large outliers
influencing the fit, we used the FittingWithOutlierRemoval function within the
astropy.modeling module®! to iteratively perform fits and at each step remove all channels
more than 3o away from the previous best fit. The stopping criterion is then when either no
channels are thrown away or five iterations is reached. On average only 1-2 iterations were
needed per baseline. Finally, we averaged over time all phase-flattened complex visibilities
per baseline and calculated the resulting average differential phase spectra. Phase
uncertainties per spectral channel were measured with the method described in ref 62. At
high signal-to-noise, this simply reduces to the standard error of the mean. The averaged
differential phase spectra through the inner part of the Ha line are shown in Extended Data
Figure 1.

4]|UT4-UT3 L ] ) [ ] U']FUI']

Differential Phase [deg]
Normalized Flux

216 218 220216 218 220216 218 $2.20
Observed Wavelength [um]

Extended Data Figure 1 | Individual baseline differential phase spectra. Average

differential phase spectra for each baseline in the 2.16 — 2.20 um region (colored points)
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together with the total flux spectrum (gray line) and best fit BLR model (black line) with
68%tile confidence region (shaded region).

To calibrate the total flux spectrum, we used the data from 2022-12-09 where the OBs
executed directly after the observation of a bright binary star pair calibrator with GRAVITY -
Wide. We reduced the calibrator data using the same pipeline and divided J0920’s spectra by
the calibrator spectra for each telescope to remove the atmospheric and instrumental
response. We then averaged together the four spectra to produce a single total flux spectrum
for J0920. As the differential phase and BLR modelling is only sensitive to the line-to-
continuum ratio, we measured the underlying continuum by fitting a second-degree
polynomial to the 2.05 —2.10 and 2.25 — 2.35 um regions. The best fit continuum was then
divided out of the flux spectrum for the final normalized line profile. The line profile is
shown in Extended Data Figure 1 and Figure 1a of the main text. As uncertainty on the line
profile, we measure the root-mean-square variation in the continuum fitted regions finding
0.05. We multiply this by a factor of 2 to conservatively account for systematic effects.

Photocenter Measurement

The first analysis performed on the GRAVITY differential phases and line profile is the
measurement of model-independent photocenters as a function of wavelength/velocity. We
use the same procedure as in previous AGN observations?”?%2%30 and briefly describe it here.
In the marginally resolved limit, the differential phase, Ad;; = —2Tfjine (ujxi + vjyi) where i
runs across wavelength and j runs across baselines. (u;,v;) are the projected baseline
coordinates and (x;,y;) the on-sky photocenter coordinates for each spectral channel. f;,, =

fi
A+£)
to perform Markov Chain Monte Carlo sampling to fit for (x;):) of the central 10 spectral
channels across the Ha line and sample the posterior. We use the median of each
marginalized posterior as our best photocenter positions and determine the uncertainty by
fitting a 2D Gaussian to the joint posterior of each (x;y:) pair. The best fit photocenters and
uncertainties are shown in Figure 1c¢ where we clearly see red and blueshifted positions on
opposite sides of the central channel along a line in the East-West direction. To measure the
the average red-blue offset, we fit again for photocenter positions by assuming all redshifted
and blueshifted channels lie at the same photocenter. We find (xpiue, Voive) = (13.6, 1.6) +/-
(5.8, 7.0) uas and (Xred, yred) = (-20.6, -0.6) +/- (8.6, 10.1) uas, which are shown as the large
points in Figure lc.

where fi is the line intensity as a fraction of the continuum. We use the emcee package®?

We test the significance of this global shift from blue channels to red channels by first fitting
under the null hypothesis of zero differential phase. Using an F-test to compare the average
offset against the null hypothesis, we find a p-value of 10 corresponding to a detection
significance of 6. This pure statistical test however does not take into account potential
systematics and so we consider it an upper limit on the significance.

To test for systematics, we downloaded 22 archival calibrator observations in the GRAVITY-
Wide mode which results in 664 individual frames that have signal-to-noise comparable to
J0920. These data should have zero differential phase since they are single stars, and
therefore allow for testing while including systematics. We processed the calibrator data in
the same manner as J0920 and measured the average redshifted and blueshifted positions
using the same wavelength channels and emission line profile. We fit the distribution of red-
blue separations with a truncated Gaussian finding a standard deviation of 12 uas. Given the
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measured separation for J0920 of 37 uas, this indicates a significance of at least 3c. We
consider this a lower limit because we did not specifically test how often the broader S-shape
signal of J0920 occurs. Rather it is likely that many of the non-zero red-blue separations
measured in the calibrator data are caused by narrow noise spikes.

BLR modeling

Our primary analysis centers on modelling the BLR structure and kinematics using the
GRAVITY observed differential phase and total flux spectra. We refrain from a detailed
description of the model and fitting procedure as this has been outlined in several past
publications?”-?$2%3% In general, we model the BLR as a set of independent, non-collisional
clouds solely under the gravitational influence of the central SMBH. The model very closely
follows the one used to fit reverberation mapping data®*5> with the major adjustment to
output differential phases instead of light curves®®. While the model contains a number of
parameters to introduce deviations away from the axisymmetric Keplerian model, we choose
to omit those and only use the minimal number of parameters able to best describe our data.
The fitted model therefore contains ten free parameters: Rpzr, B, PA, 0o, i, F, MBH, freak, Aemit,
Xo, and yo. A brief description of each parameter along with the prior distributions used in the
fitting is given in Extended Data Table 1.

We fit the model to both the total flux spectrum and six baseline averaged differential
spectra. We fit only the central 2.15 — 2.21 pum region with the highest signal-to-noise-ratio
but note that fits over the entire 2.1 — 2.26 wavelength range do not produce significantly
different results. We used the dynesty package$” (v2.1) which performs Dynamic Nested
Sampling®® to sample the potentially complicated posterior. We used multi-ellipsoidal
decomposition to bound the target posterior distribution (bound = ‘multi’) and the random
walk sampling method. Sampling was done with 2000 live points and we chose to stop
sampling once the iterative change in the logarithm of the evidence is less than 0.1
(dlogz_init = 0.1).

In Extended Data Figure 2, we plot the 2D joint and 1D marginalized posterior distributions.
The posteriors are well sampled and largely show symmetric, Gaussian shaped posteriors.
We report in Extended Data Table 1 the medians of each 1D marginalized posterior
distribution and as uncertainties the 68" percentile confidence interval.

12



|-

—
fﬁ

-

.-

) o) me. o
S S i i A R

42?2;4

log (M./Ms)

&£

FiN

Iy
.

®

10

38

36

34
218200
218175

~ 218100 '

218075
20

10

0

-10
-20

20

10

0

~10
20
-30

'

DIUILOCI L

SONP Y >

@ 8 9P e & ~

L

@

.
o
L

S & S S S s s

s

I

® o
log (M../M)

L

Extended Data Figure 2 | Corner plot of the 2D and 1D posterior distributions for the
BLR fit. We plot the 2D joint and 1D marginalized posterior distribution for each parameter
of the BLR model used to fit the differential phase and flux spectra. Blue shaded contours
represent the 1, 2, and 3o regions and the orange crosses are the median values that are also
reported in Table 1. The dotted lines indicate the 16" and 84 percentiles. The orange line is
again the median value.

PARAMETER VALUE PRIOR DESCRIPTION

Rgir 40+29 LogUniform(3, 380)  Mean radius (pas)

B 1.9%51% Uniform(0, 3) Radial distribution shape

P.A. 87°%32 Uniform(0, 27) Position angle East of North
(deg)

0o 49*13 Uniform(0, 90) Angular thickness of disk (deg)

i 328 CosUniform(0, 60) Inclination angle (deg)

F 0.12+5:93 Uniform(0.05, 0.4) Ratio of minimum to mean
radius

log Men 8.51%022 Uniform(6, 12) Black hole mass
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fpeak 3.7191 Uniform(3, 6) Amplitude of line profile
AEMIT 2.181415:9902  Gaussian(2.182, 0.01) Central wavelength (um)
(X0, Yo) (1*6,—1%7)  Uniform(-10°, 10%) Systematic shift of BLR
relative to the continuum (pas)
Extended Data Table 1 | BLR model parameters and fit values.

APQO/TripleSpec Observations and Data Reduction

We observed J0920 with the TripleSpec instrument at Apache Point Observatory for 56 min
on Dec. 21, 2021 with a slit width of 1.1” providing a spectral resolution of 3181 over the H
and K.

APQO/TripleSpec Emission Line Measurements

L6F
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Extended Data Figure 3 | APO/TripleSpec observed H+K spectrum and spectral
decomposition. The top panel shows our flux calibrated APO/TripleSpec spectrum (black
line) together with our best fit model (red line). The model consists of the following
components: fourth order polynomial for the continuum (blue line), Fe II template (orange
line), HB Gaussian emission line (green line), [OIII] Gaussian emission lines (brown lines),
and two Ha Gaussian components (purple lines). The best fit matches the data very well with
relative residuals (lower panel) below 20%. The data and residual are smoothed by a
Gaussian kernel with the standard deviation of three channels for clarity of display, while the
fitting is conducted with the originally reduced data.

The TripleSpec spectrum provides the rest-frame optical spectrum of J0920 at much higher
spectral resolution compared to GRAVITY+ and covers the HB-[OIII] region. This provides
an opportunity to compare our spatially resolved BLR size and dynamically measured SMBH
mass with those inferred from the single epoch method. We first scaled the H-K band
spectrum to match the K-band magnitude of J0920 from the 2MASS Point Source Catalog
(K=15). We simultaneously fit the continuum, Fell features, Ha,, HB, and [OIIIl] doublet and
adopt a fourth-order polynomial to describe the continuum combined with the Fell template
from ref 69. To model the [OIII] doublet we use a single Gaussian component while fixing
the [OIII] doublet flux ratio to the theoretical value of 2.987° and tying the velocity and line
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width together for the two components of the doublet. While for HP3 we use only a single
Gaussian component; for Ha,, we found we needed two Gaussian components to adequately
fit the line but note we do not consider each component to be tracing different physical
components of the emission. Rather, the line profile is likely better described by a Lorentzian
shape. We find very good agreement between the TripleSpec line profile and GRAVITY+
line profile after degrading the TripleSpec line profile to the spectral resolution of
GRAVITY+ indicating we are not seeing extra, more extended narrow line emission in the
much larger aperture of TripleSpec. In Extended Data Table 2, we list the best fit parameters
of our spectral decomposition as well as the derived properties and show in Extended Data
Figure 3 the best fit model and decomposition along with the residuals. The fitting residuals
are about 1 X 107 erg s™! cm? Angstrom™ around 5000 Angstrom and 0.7 x 107 erg

-1 1

s'! cm™? Angstrom”

around 6500 Angstrom. The uncertainties of the measured quantities

are derived by refitting the spectra after adding Gaussian noise with a standard deviation
equal to the fitting residual at the corresponding wavelength.

In the Table, EW is defined as the equivalent width. Rr. is defined as the ratio of Fell
template equivalent width within 44344684 Angstrom to H} equivalent width. Ls;oo s the
monochromatic luminosity at rest-frame wavelength 5100 Angstrom. We first calculate the
bolometric luminosity (Ls./) using the empirical relation from ref 71 which is based on an
average luminosity dependent quasar spectral energy distribution. The bolometric correction
here is ~5 and already placing J0920 well into the super-Eddington regime. Therefore, we
also estimate the bolometric luminosity under the slim disk accretion model which is
theorized to be applicable for highly accreting black holes. We use Equation 3 from ref. 80 to
determine a bolometric correction of ~23. The bolometric luminosities for both corrections
are listed in Extended Data Table 2. From the bolometric luminosity, we estimate a mass

accretion rate onto the SMBH of M = Ly,;/nc? = 30 — 140 Mo yr'! using a standard

conversion efficiency, n =0.1.

PARAMETER/PROPERTY BEST FIT VALUE
REDSHIFT 2.3255 +/- 0.0002
FWHM(Ha) 2526 +/- 65 km 5!
log(Luo) 45.18 +/-0.07 erg s’!
FWHM(HB) 2967 +/- 283 km 5!
EW(HB) 31.75 +/- 2.56 Angstrom
FWHM(JOIII]) 1926 +/- 266 km s™!
EW([OIII]) 8.20 +/- 1.29 Angstrom
EW(FEII) 38.61 +/- 3.61 Angstrom
RyE 1.22 +/-0.11

log(Ls100) 46.56 +/- 0.07 erg s!
log(Lgor) 472 -479 ergs’!

Extended Data Table 2 | TripleSpec spectral decomposition.
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Comparison to Single-Epoch Estimates

Clv

Our first comparison is to the CIV based mass estimate which was measured for the
LAMOST QSO catalog’®. The reported redshift and FWHM of the CIV line are 2.3015 and
8013 km s™! respectively. They use the CIV radius luminosity relation from ref. 21 to
determine a SMBH mass of 10°” M. Compared to our Ha measurements, the redshift is off
by 0.0235 (7050 km s'), the FWHM is a factor ~3 larger, and the SMBH mass is 1.2 dex
larger. In Extended Data Figure 4, we compare the line profiles of CIV and Ha using z =
2.325 to convert wavelengths into velocities. This shows clearly the significant blueshift of
the CIV line relative to the systemic velocity of Ha as well as the increased line width. Since
single epoch masses scale with FWHM?, the factor of 3 larger FWHM mostly explains the
factor of 15 increase in the SMBH mass. Beyond the systematic blueshift of CIV, the line
shape is also heavily skewed towards large blueshifted velocities. All of these properties
point to CIV emission being dominated by non-virial motions and likely originating in a
strong outflow’”®’, Previous surveys of high redshift quasars have reported strong
correlations between CIV blueshift and FWHM and an anti-correlation between CIV
blueshift and Hoo FWHM”>7¢ which leads to CIV overestimating the SMBH mass. In fact,
ref. 75 provides a correction to CIV based masses based on the blueshift and FWHM of CIV.
Applying this (see Equations 4 and 6 of ref. 75) to J0920, we calculate a corrected CIV
SMBH mass of 10%” M, much closer to our dynamically based mass.
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Extended Data Figure 4. Comparison between CIV and Ha line profiles We compare the
continuum normalized line profiles of CIV from the LAMOST quasar survey (orange) to
both of our Ha line profiles from GRAVITY (purple) and APO/TripleSpec (blue).
Wavelengths were converted to velocities using the measured redshift of Ho (z = 2.325).
CIV shows both a systematic blueshift of ~7000 km s™! and increased line width compared to
Ha along with a heavy skew to blueshifted velocities. CIV therefore is likely dominated by
outflowing gas and not the virial motion of the BLR.

Ho and HP

We further compare our GRAVITY based BLR size and SMBH mass with the single epoch
sizes and masses inferred from the Ho and HP3 relations. We first calculate RpLr from an
extrapolation of the “Clean2” Hf radius-luminosity relation from ref. 22: log Rg; g = 1.56 +
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0.546 log (&) [light-days]. This gives ReLr = 907 light-days or 0.765 pc which is a

1044 erg s—1
factor of 2.25 times larger than our spatially resolved measurement. This R-L relation has a
scatter of 0.13 dex so our smaller size is 1.65c away from the best fit. If the Ho emitting
region is larger than the HP emitting region as observationally found from reverberation
mapping studies?’*132 and expected from BLR photoionization models*, then our BLR size
is even more discrepant from the radius-luminosity relation size.

We estimate the Hf3 single epoch SMBH mass using the standard virial relation: Mpy =
RpLRAV?
f BLR

orientation and geometry of the BLR. For AV, we choose to use the HB FWHM. We further
use log <f> = 0.05+0.12, which was determined empirically by fitting H} FWHM based
black hole masses onto the local Mpy-ox relation’’. The intrinsic scatter associated with the
Hp single epoch calibration is measured to be 0.43 dex?!. The Hp single-epoch black hole
mass then is log My = 9.24 + 0.47, which is 0.73 dex larger than our dynamical
measurement. Taking into account the expected factor of 1.5 larger sizes for the Ho emitting
region®!, then 0.53 dex of the discrepancy can be explained by the significantly smaller BLR
we measure with GRAVITY+. The remaining 0.2 dex can then be explained by scatter in
BLR inclination and geometry leading to variations in individual f'scale factors.

where AV is a measure of the line width and f'is a scale factor that accounts for the

We use Equation 1 from ref 78 to calculate the Ha single epoch mass, which was calibrated
off the HP R-L relation and a correlation between the FWHM of H} and Ha and between

Lsioand Lyo: log (Mgy/Mg) = log(f) + 6.57 + 0.47log (—1 Lo ) +
FWHMyq

042 ergs1
2.06log (1000 km s-1

+ 0.48 which is only 0.43 dex larger than our dynamical measurement and within the
uncertainties of the single-epoch measurement. This can then be fully explained by the
smaller BLR size we measure compared to the expectation from the R-L relation.

). Using the same f'scaling factor as before, we find log (Mgu/Mgp) = 8.94

Deviations from the standard R-L relation have been seen and explored before with most of
the scatter leading to smaller sizes for a given AGN luminosity3>-*637.7-80_ Ref. 80 found that
the offset from the R-L relation was correlated with the Eddington ratio. After gathering a
large sample of reverberation mapping measurements for high-Eddington ratio targets
through the Super-Eddington Accreting Massive Black Hole (SEAMBH) survey, ref. 42
proposed a new parameterization of the R-L relation including Rr., the flux ratio of Fe II
features between 4434-4684 Angstrom and broad HP3. Eddington ratio has been shown to be
the dominant property driving variations in Rr. between AGN3!-8283 and so including Rr.
implicitly adds a second property determining the BLR size beyond the AGN luminosity. The

new parameterization is log Rg g = 1.65 + 0.45 log (LF’;OO) — 0.35Rp, [light-days].

1044 ergs—1
With this we calculate an Eddington ratio corrected BLR size of 237 light-days or 0.2 pc, a
factor of 1.7 smaller than our GRAVITY measured size. This then leads to a log (Msn/Mp)
= 8.66 using the same f'scaling factor as above, the closest “single epoch” estimate to our
dynamical measurement. While J0920 is only one object, this certainly adds to the evidence
that Eddington ratio could be playing a significant role in controlling the BLR size and thus
should be taken into account for SMBH mass measurements.
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NOEMA Observations and Data Reduction

To complement our GRAVITY observations and probe the host galaxy of J0920, we
observed J0920 with the IRAM NOrthern Extended Millimeter Array (NOEMA) as part of a
larger pilot survey of z ~ 2 quasars (ID: S22CE, PI: J. Shangguan) on 12 June and 18
September 2022 in D configuration. The total on-source time was 3.9h with 10 antennae. We
set the phase center to the known coordinates of J0920 (RA = 09:20:34.171, DEC =
06:57:18.019) and used the PolyFix correlator with a total bandwidth of 15.5 GHz. With a
tuning frequency of 104.7867 GHz, we placed the redshifted CO (3-2) molecular gas line
(Vrest = 345.7960 GHz, vobs = 103.99 GHz) into the upper sideband.

The sources J0923+392, J2010+723, J0906+015, and J0851+202 were used as flux
calibrators and J0906+015 and J0851+202 were used for phase calibration. Observations
were taken under average weather conditions with precipitable water vapor of 4-10 mm. We
reduced and calibrated the data with the CLIC package of GILDAS to produce the final (u,v)
tables.

The (u,v) tables were then imaged with the MAPPING package of GILDAS using the hogbom
CLEAN algorithm. We adopted natural weighting of the visibilities resulting in a synthesized
beam of 4.7°x3.2”. We ran CLEAN until the maximum of the absolute value of the residual
map was lower than 0.5c with o the RMS noise of the cleaned image and used a circular
support mask with diameter 18 centred on J0920. We then re-sampled the spectral axis to 40
km s! bins achieving an RMS noise of 0.388 mJy beam™.

Host Galaxy Properties

In the top left panel of Extended Data Figure 5, we show the 0" moment image of the cube
generated between -700 and 700 km s! around the expected location of the CO (3-2) line. We
clearly detect J0920 with a maximum SNR of >20 and visual comparison of the image with
the synthesized beam suggests J0920 is extended especially in the North-South direction. To
test this and measure a CO size, we used UVFIT within GILDAS to fit the visibilities directly
with an elliptical exponential disk model. The top right panel of Extended Data Figure 5
shows the visibilities as a function of baseline length together with our best fit model. The
clear drop with baseline length is indicative of a partially resolved source. Our best fit disk
model fits the data well and confirms the resolved nature. A Gaussian disk model provides a
nearly equally good fit and the same effective radius as the exponential disk considering the
uncertainty. We prefer to adopt the results with the exponential disk model to facilitate
estimating the dynamical mass of the host galaxy using the empirical relation of ref 46.

We measure an effective radius of the disk, R. = 8.23 +/- 1.53 kpc, a position angle on sky of
90.0° +/- 0.4°, and an axis ratio of 1.66 +/- 0.8. This places J0920 at the upper envelope of
the size-mass relation for its redshift and firmly within the late-type galaxy population®*
under the assumption that the molecular gas disk traces the stellar disk.

To measure the CO (3-2) flux and linewidth, we extracted a 1D spectrum by integrating the
cube within the 16 contour of the 0" moment map. We plot the resulting spectrum in the
bottom panel of Extended Data Figure 5 which shows clearly the CO (3-2) line. We fit the
line from the integrated spectrum with a single Gaussian component finding a redshift of
2.3253 +/- 0.0002 (very similar to the Ha redshift), integrated flux of 2.330 +/- 0.162 Jy km
s, and a FWHM of 432 +/- 42 km s
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Ref. 46 provides empirical relations between the dynamical mass of a system and unresolved,
integrated line properties based on spatially resolved kinematic modeling of z~ 6 quasar host
galaxies. Here we use Equation (15) which assumes robust measurements of the line FWHM
and radial extent of the galaxy have been made, as in the case of J0920: My, =

1.9%53(F13) x 105(FWHM)?R, [Mg] where FWHM is in km s! and R. is in kpc. For
J0920, we find log(Mayn/Mg) = 11.77133% where the uncertainties are a combination of
the measurement errors of the line and the statistical (first set of uncertainties in equation)
and systematic uncertainties (second set of uncertainties in equation) of the empirical
relation.

From the line fitting, we can then infer several more properties of the host galaxy including
the molecular gas mass and star formation rate. We convert the integrated CO (3-2) flux into

a CO line luminosity, L co, using the standard formula from ref 77: L'cq = 3.25 X
S
107 % K km s! pc? where Sco is the CO line flux in Jy km s, Dy is the luminosity
rest
distance in Mpc, z is the redshift, and vres is the rest frequency of the line in GHz . R13 is the
CO (1-0)/CO (3-2) brightness temperature ratio such that Lco is referred to the CO (1-0) line.
We adopt Ri3 = 0.97, a typical value for quasars®® with which we find L'co = 6.91 x 10'°K
km s7! pc2. We then convert this to a molecular gas mass using the CO-H» conversion factor,
aco, which we take as 4.36 Mo [K km s pc?]! [87, 88, 89] with a 30% uncertainty. This

results in a total molecular gas mass of log (Mu2/Me) = 11.48 +/- 0.13. To infer the stellar
mass, we simply subtract the molecular gas mass from the dynamical mass which makes the
assumption of a negligible dark matter contribution within R.. This is supported by both large
IFU surveys of z = 2 galaxies*’?%192 and deep AO-assisted observations of individual
galaxies*s. From this we then obtain, log (M../Mg) = 11.457335 Ref. 47 also used direct
measurements of the stellar mass to determine the average stellar-mass-to-dynamical-mass
ratio of 2.4 for their z = 2.0 — 2.6 subset. This would result in a molecular gas mass of

log (Mgar/Mo) = 11.397343Mo, very close to the simple subtraction and well within the
uncertainties.

Finally, we also use L'co to infer the star formation rate (SFR) in J0920. Here, we use an
empirical relation between L'co and Lz measured for the Palomar Green Quasar sample®:
log Ly = 0.94(+0.08)log Lig — 32.90%33> which matches closely the relationship found
for high redshift starburst galaxies® and has a scatter of 0.29 dex. This leads to log (Lir/ erg s°
1y =46.53 +/- 0.29 which we then convert into a star formation rate using the prescription
from ref 95: log(SFR/Mg yr~*) = logLig — 43.41 which leads to SFR = 1320 +/- 882 Mo
yr'l. The inferred stellar mass and SFR of the host galaxy of J0920 clearly place it well above
the main sequence of star-forming galaxies for its redshift and into the “starburst” regime.
Based on the main sequence®, a star forming galaxy with J0920’s stellar mass would have a
SFR of 370 +/- 171 Mo yr!, a factor of 3.5 lower than the one inferred from the CO line
luminosity.
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Extended Data Figure 5. NOEMA CO (3-2) Data and Analysis. a.) Moment 0 map of
J0920 using the channels spanning -700 to 700 km s™! around the expected location of the CO
(3-2) line. The contours are (-1, 1, 2, 4, 8, 16) times the RMS noise level, with the -1c level
in the dashed line. The synthesized beam (4.7°x3.2”) is shown in the lower left corner. b.)
Average real part of the visibilities as a function of baseline length (black points) showing
decreasing visibility with increasing baseline. This indicates J0920 is extended even with the
relatively large beam size. The red line is a fit using an elliptical exponential disk model
where we find an effective radius of 8.23 kpc. ¢.) Integrated spectrum within the 16 contour
shown in the top left panel showing the detection of the CO (3-2) line. We fit the line with a
single Gaussian (red line) finding a FWHM of 432+/- 42 km s™! and use this with the
effective radius determined in the top right panel to estimate the dynamical mass of J0920
and place it on the SMBH-galaxy scaling relation (see Main Text).

Data Availability

The data that support the findings of this study are available from the corresponding author
upon reasonable request.
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