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The detection of starlight from the host galaxies of quasars during the reionization epoch (z > 6)
has been elusive, even with deep HST observations!?. The current highest redshift quasar host
detected?, at z = 4.5, required the magnifying effect of a foreground lensing galaxy. Low-luminosity
quasars*>% from the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP)’ mitigate the
challenge of detecting their underlying, previously-undetected host galaxies. Here we report rest-
frame optical images and spectroscopy of two HSC-SSP quasars at z > 6 with JWST. Using NIRCam
imaging at 3.61tm and 1.5um and subtracting the light from the unresolved quasars, we find that
the host galaxies are massive (stellar masses of 13x and 3.4x 101 M., respectively), compact, and
disk-like. NIRSpec medium-resolution spectroscopy shows stellar absorption lines in the more
massive quasar, confirming the detection of the host. Velocity-broadened gas in the vicinity of these
quasars enables measurements of their black hole masses (1.4 x 10° and 2.0 x 103 M., respectively).
Their location in the black hole mass - stellar mass plane is consistent with the distribution at low
redshift, suggesting that the relation between black holes and their host galaxies was already in
place less than a billion years after the Big Bang.

The quasars J2236+0032 and J2255+0251 (coordinates listed in Extended Data Table 1) are at redshifts
of 6.40 and 6.34. They have relatively low luminosity (M1450 = —23.87 and —23.66 mag, respectively),
roughly 10 times less luminous than typical bright quasars at these redshifts®%!?. Using JWST with
NIRCam!!, we observed J2236+0032 on November 6, 2022 and J2255+0251 on October 26, 2022. Images
were taken in two broad-band filters (F356W and F150W) to detect their host galaxies at 3.56 and 1.50 pm,
thus bracketing the rest-frame 4000 A break, a characteristic feature of galaxy spectra which constrains
the age of the stellar population. Total exposure times were approximately 3,100 seconds for each filter
per target.

In Figure 1, we show a 24" x24" region and zoomed-in cutouts of the JWST images centered on
the quasars for both filters. As expected, both quasars are detected at high significance. The first
quasar J2236+0032 (mp3sew = 21.75 £0.02 mag, mpsow = 22.78 +0.02,) has no evidence of close
neighbors. The second quasar J2255+0251 (mp3sew = 22.20 £ 0.02 mag, mgisow = 23.03 +0.02) has
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two neighboring sources (< 2.6”) that do not have spectroscopic redshifts at this point; however, their
detection in the HSC r- and i-bands suggests that both of them are at lower redshift than the central quasar.

The detection of an underlying host galaxy requires careful decomposition of the two-dimensional
light distribution to separate the unresolved quasar from its host galaxy. We perform a two-component
model fit of the rest-frame optical emission in a region of the NIRCam images centered on each target.
We use the software galight !? to identify stars from each image to model the two-dimensional (2D)
point-spread function (PSF). We then model each quasar image in each filter as a sum of a point-like quasar
and an extended host. The host galaxy was modeled using a 2D Sérsic profile!* whose parameters include
the position, size (Reff), axis ratio, orientation, flux, and the radial profile/shape of the light distribution
(1.e., Sérsic index), allowing a flexible description of the a priori unknown host galaxy shape. In Extended
Data Table 1, we report the best-fit parameters and their uncertainties based on the dispersion resulting
from different PSF models with different modeling techniques (see Methods).

As shown in Figure 2, we detect the host galaxies for both targets, which are visible after subtracting
the quasar point-source model (third column). For J2236+0032, the quasar host is significantly detected
in both filters (mp3sew = 23.12 £0.20 mag; mgisow = 25.12 +0.29 mag). The inferred host-to-total flux
ratios are 25.5 +4.4%, and 10.2 +2.8% with sizes (Regr) of 0.7 £0.1 kpe and 0.5 + 0.2 kpc for F356W
and F150W, respectively. The light distribution is elongated in the same direction (i.e., NE-SW) in the
two filters, suggesting a mildly inclined disk-like host. For this target, we fix the Sérsic index to 1 in both
bands — corresponding to an exponential disk model — to avoid non-physical fits; this is supported by a
subsequent fit to the host galaxy emission after subtracting the quasar (see Methods). For J2255+0251,
the host galaxy is clearly detected in the F356W band (mp3sqw = 24.58 4+ 0.30 mag) with a host-to-total
flux ratio of 9.8 -2.6%. The host emission extends southeast (left) of the quasar’s location. The size of
the host is inferred to be Regr= 1.5+ 1.1 kpc with a Sérsic index of 1.5 £ 1.4, suggesting a more disk-like
than spheroidal profile. The host galaxy is not detected in the F150W image, resulting in an upper limit
of mp1sow = 26.3 mag (see Methods). This upper limit provides an important constraint on the galaxy
spectral energy distribution (SED). A non-detection is not surprising, given the low host-to-total flux ratio
in the F356W band and the fact that galaxies are typically fainter blueward of the 4000 A break. We
use NIRSpec !4 observations to demonstrate that the contribution of extended line emission to the host
photometry in F356W is minimal (See Methods).

Our two photometric bands lie on either side of the 4000 A break, allowing us to quantify the
contributions of young and relatively old stars, and thus to estimate the stellar masses of the two quasar
host galaxies. We fit the SED of each host with a single stellar population, in which the stellar metallicity
logZ/Z is constrained to the range [—1, —0.3], the stellar age is within the range [0.01,0.84] Gyr (capped
by the age of the universe at redshift 6.4), and the extinction A, is in the range of [0,5.0] mag. With
standard assumptions on the stellar Initial Mass Function (IMF), we find that J2236+0032 has a stellar mass
of 1.372:0 % 10! M, while J2255+0251 is less massive with 3.47-§ x 1019 M. We use simulations and
three different SED fitting codes to demonstrate that the results are robust, although further observations
will lessen potential systematic errors in these mass estimates (see Methods for full details on our mass
estimates and their uncertainties). Our host galaxies are among the highest stellar mass galaxies known at
7~ 6 (ref. 15).

A rest-frame optical spectrum of each quasar was obtained by the NIRSpec instrument on JWST
(Figure 3). These spectra cover 2.87—5.27 um, or approximately 4000-7000 A in the rest-frame, revealing
strong emission lines including the HB+[O 111] multiplet, Ha, and blended Fe 11 pseudo-continuum. The
072-wide slit was fortuitously aligned along the major axis of the host galaxy of J2236+0032 (Figure 2).
Remarkably, we serendipitously identify stellar absorption lines (Hy, HO, and He) in J2236+0032. Thus
the contribution of stellar light is confirmed both from the imaging and spectroscopy in this object. We
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use the velocity width of the broad Hf emission line and the rest-frame 5100 A continuum luminosity to
estimate the mass of the central black hole, under the assumption that the high-velocity gas is governed
by the gravity of the SMBH. Using a recipe calibrated in the local universe '® and subtracting the stellar
emission, we obtain virial masses of Mpy = 1.4 x 10° M, for J2236+0032, and Mgy = 2.0 x 103 M, for
J2255+0251, respectively (see Methods).

Figure 4 shows the two z ~ 6.4 quasars in the black hole mass — stellar mass plane (left panel), as
well as the inferred underlying relation compared to the local relation (right panel). As is observed in the
local universe, the quasar hosting the more massive black hole is hosted by the more massive galaxy. To
evaluate their location in the Mgy — M, plane relative to the local mass relation, we carry out a simulation,
following ref. 17, that takes into account the selection effects for these two quasars in the HSC survey.
For this purpose, we combine the quasar flux limits, the estimated BH mass and accretion rate functions
at z ~ 6, as well as uncertainty in our stellar mass estimates to predict the expected Mgy for these two
quasars — under the baseline assumption that the Mpg—M.. relation does not evolve between z = 6.4 and
the present. In the left panel, the orange contours show the resulting bivariate probability distribution for
the location of these two quasars, with the measured values overplotted in red. Our two z > 6 quasars
fall within the probability distribution (orange contours) of this simulated z ~ 6.4 sample and are thus
consistent with no evolution of the Mgy—M, relation from z ~ 6.4 to z =0, as shown for the inferred
underlying relation in the right panel of Figure 4. With just two quasars, the probability distribution of the
nominal evolution strength is broad as suggested by the width of these uncertainties (see also Extended
Data Figure 6 in the Methods). However, ongoing JWST observations will give us a significantly larger
sample, allowing us to better constrain models for the mutual evolution of the black hole and stellar
populations in galaxies 81920,
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Figures

Figure 1. NIRCam images of the field around J2236+0032 and J2255+0251. Both JWST filters F356W
(left panels) and F150W (right panels) are shown. The middle panels are zoomed-in regions of each image.
One of the PSF stars used for 2D image decomposition is indicated in each quasar field.

Figure 2. 2D decomposition into quasar and host-galaxy emission. Panels are as follows from left to
right: quasar image (data), best-fit model (quasar + host galaxy), host galaxy only (data — model quasar
point-source component), and normalized residual image, i.e., (data — model) / ¢, where o is the flux
uncertainty of each pixel. The target name is above each row of panels and the filter is indicated on the left.
The alignment of the NIRSpec slit (0”2 x 0”6) is shown in the left panel of the F356W image for each
target. Pixel units are Mega-Janskys per steradian. A scale bar of 0”5 corresponds to 2.8 kpe at z ~ 6.4.

Figure 3. NIRSpec rest-frame optical spectra of J2236+0032 and J2255+0251. For each quasar, the
left panel shows the full spectrum while the top-right panels zoom in on the HB+[O 111] AA 4960,5008
doublet. The flux density Fj is in units of 1072 erg cm =2 5! A1, The data are shown in black with
the errors per pixel in grey. The stellar absorption lines in J2236+0032 are identified in Hy, HS and He,
which are also presented in the inset zoom-in panel. Best-fit models of power-law continuum (blue), Fe 11
(green), broad HB (magenta), narrow Hf + [O 111] (orange thick line), and broad [O 111] (orange thin line)
are overplotted in the top-right panels. The sum of the continuum and emission line models is shown in
red. The residuals are displayed in the bottom right panels.

Figure 4. BH mass — stellar mass plane at z ~ 6.4. Left. Observed locations of our two z ~ 6.4 quasars
marked in red. Orange contours (1-30 levels) show the expected distribution of a mock quasar sample
at z ~ 6.4 for which the ratio Mgy/M., of the intrinsic population does not evolve to z = 0. Right: The
Mpy—M., relation at z ~ 6.4 (red solid line) inferred from our two quasars after accounting for selection
effects. The shaded region represents the 68 % confidence interval, and the dashed line is the observed
relation at z = 0%1:?2. Note that we assume a linear relationship between black hole mass and stellar mass
in log-log space. The slope is fixed to the value observed at z = 0.
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Methods

Cosmological model

A standard concordance cosmology with Hy = 70 km g1 Mpc_l, Q,, = 0.30, and Qx = 0.70 is adopted,
which gives a scale of 5.63 kpc/” at z = 6.4. All magnitudes are presented in the AB system. Milky Way
dust extinction is negligible at the near-infrared wavelengths of interest and is not corrected for.

Target selection

The two objects presented here are part of our Cycle 1 JWST program (Observation ID 1967; P1: M.Onoue)
which targets 12 of the lowest-luminosity quasars at redshift 6.0 to 6.4 (ref. 23) discovered by the Hyper
Suprime-Cam Subaru Strategic Program’, an optical wide-field survey using the 8.2-meter Subaru tele-
scope. These quasars were spectroscopically confirmed by ground-based follow-up observations*>-%. The
quasars exhibit broad Ly emission and strong intergalactic medium absorption blueward of Lyco. This
deep survey, which is sensitive to quasars a factor of 10 less luminous than those discovered by shallower
surveys such as the Sloan Digital Sky Survey (see Extended Data Figure 1).

NIRCam Observations and data reduction

The data presented in this paper were taken with Module B of the NIRCam instrument, which has a field
of view of 2.2 x 2.2 square arcminutes. Total exposures of 3,100 seconds in the two filters (F356W and
F150W) were obtained simultaneously. A 4 x 4 primary and sub-pixel dithering pattern was employed
to mitigate cosmic ray hits and bad pixels in the detector and to ensure sub-pixel resampling during the
stacking step. We used the INTRAMODULEBOX and STANDARD dithering patterns for the primary
and sub-pixel dithers, respectively. We used the BRIGHT1 readout mode.

The data were processed using the standard procedures in JWST pipeline version 1.7.2. The pre-
calibrated “Stage 2” image frames were downloaded from the MAST archive. These images have
the pipeline parameter reference files jwst_1009.pmap for J2255+0251 and jwst_1011.pmap for
J2236+0032, as registered in the JWST Calibration Reference Data System'. For individual frames, global
background light was first subtracted using the Background2D function of Photutils?*. The archived
images clearly have horizontal and vertical stripe noise patterns, known as “1/f noise”. This 1/ f noise was
subtracted by first masking bright objects, then collapsing the 2D images along each axis of the detectors
and estimating the noise amplitudes by measuring sigma-clipped median values. These amplitudes were
then subtracted from each row and column. The horizontal stripes were measured for each of the four
detector amplifiers separately. These post-processed Stage 2 image frames were then aligned and stacked
with inverse-variance weighting using the Stage 3 pipeline, keeping the original position angle of the
detector for the purpose of building the PSF library. Both F356W and F150W images were resampled with
a pixel scale a factor of two smaller than that of the detector, using the drizzling algorithm implemented in
the Resample step of the pipeline. The final pixel scales for F356W and F150W are 070315 and 070153,
respectively.

2D image decomposition of quasar and host galaxy emission using galight

Accurate decomposition of the image of a quasar into a central point source and an extended host galaxy
requires a high-quality model for the PSF based on stars detected in the same image as the quasars.
Space-based telescopes have a much sharper and more stable PSF than ground-based telescopes, and
the Hubble Space Telescope (HST) has been used to measure quasar host galaxies to redshift up to z ~ 2
(ref. 12,25,26,27). However, HST’s ~90-minute orbit means that it is continually passing between Earth’s

'https://jwst-crds.stsci.edu
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shadow and direct sunlight, causing the telescope to expand and contract (“‘orbital breathing”) and giving
rise to a time-dependent PSE. The difficulty of modeling the PSF has not allowed quasar host galaxies to
be detected significantly beyond z 2> 3 (ref. 1,2,28,29), where host starlight can be only measured through
the SED fitting method>C.

Here, we follow our tested strategy '2, including the analysis of JWST images>?, and build a PSF
library by identifying all isolated, unsaturated stars of sufficient signal-to noise ratio (SNR) in our
images. We identified 12|16 PSF stars in filter F1S0W|F356W for J2236+0032 and 9|5 PSF stars in
filter F150W|F356W in the images for J2255+0251. We use our two-dimensional modeling software
galight 2 to fit the quasar images with a model of a scaled PSF (the spatially unresolved point-like
quasar) and a PSF-convolved 2D Sérsic profile (the host galaxy). galight is a python-based open-
source package? that utilizes the image modeling capabilities of 1enstronomy>'. It has been adopted
for quasar decomposition of images by HST'2, JWST??, and the HSC survey>>. We adopt uniform priors
for the effective radius Regr € [0703,20] and the Sérsic index (n) € [0.3,9] of the host to avoid unphysical
parameter inference. For J2255+0251, there is one nearby object which we fit simultaneously with a Sérsic
profile, allowing us to correct for its effect on the host galaxy properties.

We obtain a weighted inference for the decomposition result as briefly described here. After subtracting
the remaining local background, we use each PSF in our library in turn to fit the image. The performance
of each PSF is determined by its best-fit ¥ value. We select groups of two, three, and five PSFs from the
library that have the top level x? performance and then average them using ps fr (Birrer et al. in prep).
To optimize our modeling of the unresolved quasar emission, we consider both best-fit models using
individual stars and average models based on the combined PSF stars described above. Thus, we add the
three averaged PSFs as new members to the PSF library. We take the results from the five top-performing
PSF models in the updated library. We determine our final result parameters by weighting their x> values,
as defined by ref. 12, Eq. (3)-(6). The uncertainties we quote are based on the dispersion in the host
properties from these five different PSF models. Errors based on variation in the PSF models are often
significantly larger than the formal fitting errors, as has been recently demonstrated using simulations and
observations of quasars and their host galaxies>*. The final inferred host filter magnitude, size, Sérsic
index, and other fit parameters are presented in Extended Data Table 1. The images in Figure 2 are based
on the PSF with the best performance. The sizes of our host galaxies are defined using the Sérsic effective
radius Regr along the semi-major axis measured by galight.

The quasar host of J22364+0032 appears to be a compact galaxy. As a result, we find that the Sérsic n
is poorly constrained, and the resulting host residual is point-like with an inferred Reg of 003 (the lower
limit of the prior), indicating that the central PSF has not been fully removed. This model implies a stellar
mass with an implausibly high value above 10!''8 M, given the SED fitting described below. Thus, we
refit this object, fixing n = 1 in both F356W and F150W. This gives a much-improved model. The host is
quite elongated in F356W, suggesting that it is a disky edge-on galaxy. We also find a consistent position
angle between F356W and F150W, as shown in Figure 2. Thus, for J2236+0032, we adopt the results with
Sérsic n fixed to 1. We further directly fit the “data — quasar" residual image (i.e., host) with the Sérsic
model and allow the Sérsic index to vary. When we do so, the inferred n is 1.55 with values of Reg and the
host magnitude consistent with those with the n = 1 fit.

Since J2255+0251 has no clear host detection in the F150W band, we re-model the data and fix the
host galaxy parameters (host Sérsic index, Regr, ellipticity, and position angle) to the values inferred from
the F356W band, while allowing the central position and amplitude to vary. We still see no evidence for a
host residual, but the model gives a formal host magnitude of 26.3 4+-0.2 mag. We quote these inferences

Zhttps://galight.readthedocs.io/en/latest/
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in Extended Data Table 1 and adopt a lower limit to the magnitude of 26.3 mag.

Confirmation of our 2D decomposition using galfit

In the fitting routine described above, the results are sensitive to the setting of certain parameters. For
instance, a sub-pixel shift of the PSF is typically needed to optimally align with the position of the quasar.
This interpolation within a pixel can result in modest variations in the allocation of flux between the
quasar and its host galaxy. In galight, the parameter point_source_supersampling_factor
controls this interpolation. For guidance here on the optimal setting, we compared our results with the
decomposition from galfit 3> while implementing different supersampling factor values;i.e., 1 (no
interpolation) and 2. The choice of supersampling factor had a greater impact on the F150W decomposi-
tion than that on the F356W image. We found that the two codes are in close agreement when using a
supersampling_factor of 2 as shown in Extended Data Figure 2 and reported in Extended Data
Table 1. As a result, to account for the uncertainty associated with this setting, we report the averaged
results obtained using both supersampling_factor values of 1 and 2, with uncertainties covered by
these two settings.

Tests of the robustness of the host galaxy properties

We perform several sanity checks for our two quasars to confirm that the detections of their host galaxies
are real. First, our final reduced data are co-added using 16 dithers. To check whether the apparent host is
caused by a random ghost from any particular dither frame, we reanalyze the data using the first 8 and the
second 8 dithers separately. We are able to detect the host from both halves of the data. To ensure that the
apparent host galaxy flux is not dominated by a mismatched PSF core, we mask the quasar center (using a
0”12 and 0706 radius aperture for F356W and F150W, respectively) and redo the fit. Again, the host is
well-detected.

To rule out the possibility that the residual emission (host galaxy) is an artifact of the chosen PSF stars,
we selected the five top-performing PSF in the library, and identified twenty pairs from these. We then fit
one PSF with the other without assuming any host component for all pairs. We performed this test for stars
in the fields of J2236+0032 and J2255+0251 in both bands; residual images show no extended features
in any case. This is illustrated for J2255+0251 in the F356W filter in the top panels of Extended Data
Figure 3. We also fit galaxy + host models to pure PSF images, in which case the inferred host magnitudes
were roughly two magnitudes fainter than the hosts detected around the quasars. In contrast, we clearly
detect the quasar host when we use any of the five library PSFs and, using these stellar residual maps to
measure the standard deviation, we display the maps of the host signal-to-noise ratio for all images of our
two quasars in the bottom panels of Extended Data Figure 3.

We carried out three sets of simulations to further validate our host detections, including J2255+0251
in the F356W filter and J2236+0032 in the F356W and F150W filters. In one realization of the simulation,
we randomly select a PSF from the five top-ranked PSFs in the library, and add a Sérsic profile using the
best-fit parameters from our model inference. We sample the resulting mock quasar+host image at the
observed resolution and insert it into a random empty position in the JWST NIRCam data. We then model
the images with the other four PSF stars, and select the result with the best performance. We repeated this
simulation a hundred times to quantify the bias and standard deviation of the inferred values around the
true values. We found that the key Sérsic parameters can be obtained accurately, with biases well below
1o in all quantities. For J2255+0251, the bias (obtained—truth) and scatter of the inferred host magnitude
are —0.02+0.11. For J2236+0032, the magnitude bias and scatter are 0.01+0.14 and —0.13+0.16 for
F356W and F150W, respectively. We present the distributions of the inferred host magnitudes in the
simulations of J2255+0251 (F356W) in Extended Data Figure 4. We note that these simulation tests were
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conducted with point_source_supersampling_factor setto 1. The similar scatter distribution
can be found when setting this parameter to 2.

Finally, we tested the fidelity of the host magnitude inference using a joint fit across the two bands. We
fix the host galaxy parameters for J2236+0032 (where the host is detected in F150W), setting the Sérsic
parameters to those inferred from F356W; we find a very similar host magnitude to the value when all
parameters are allowed to vary: the changes in the inferred host magnitude are within 0.1 mag.

Stellar mass of the host galaxy
We use SED fitting to estimate the stellar masses of our two host galaxies at z ~ 6.4 using the photometry
and its uncertainty based on NIRCam imaging with two filters (F356W and F150W) which straddle the
rest-frame 4000 A break. The host galaxy of J2255+0251 is not detected in the F150W filter, thus we
take 26.3 mag as a lower limit on the magnitude. We adopt a Chabrier IMF in our analysis to allow direct
comparison with the local black hole - host galaxy mass relations (e.g., ref. 21,22). Contributions of
nebular emission lines from the host galaxies are also allowed with a uniform log ionization parameter
logU over the range [—3, —1]. Three key parameters define the shape of the SED template: age, metallicity,
and dust attenuation (A,). We adopt a uniform prior on the age over the range [0.01, 0.84] (in Gyr),
extending to the age of the universe at z = 6.4. We adopt a uniform prior in metallicity logZ/Z., over
the range [—1,—0.3] following ref. 36,37. We assume an A, range of [0, 5.0] mag for both targets. For
J2255+0251, the F150W band has an upper limit on the flux thus the constraint on A, is weaker; hence,
we assume Ay follows a log-normal distribution with a median value at 0.85 as supported by recent JWST
observations of high-redshift galaxies®. A measurement of the Balmer decrement (i.e., the ratio of narrow
Ho and HP in the spectrum) implies an attenuation Ay=0.67+0.13 mag for the narrow-line region (Onoue
et al., in prep), consistent with the median extinction value of our prior. We also note that for J2236+0032,
the contribution of the host in the spectrum (Onoue et al., in prep) has a magnitude in close agreement
with the NIRCam photometry, supporting our stellar mass estimate.

We use gs £ to perform the SED model fitting. This software generates a set of templates with
a range of ages and metallicities according to the prior to fit a composite stellar population (CSP)-like
star formation history. A random parameter sampling is performed through Markov-Chain Monte-Carlo
(MCMC) to infer the probability distribution of the SED parameters. For J2236+0032 and J2255+0251,
the inferred values of log M, are 11.121’8:‘2‘(7) and 10.53f8:§% (in units of My,), respectively, as shown in
Extended Data Table 1. In Extended Data Figure 5, we present the best-fit SEDs of the two quasar hosts,
in which the MCMC inference indicates that the stellar mass is mildly sensitive to age and metallicity but
is more sensitive to Ay. We also adopt the same configuration for the independent code Bagpipes’
and CIGALE* to perform SED fits; we find values of M, that change by 0.1 dex or less. The robust
measurement of stellar mass is due to having photometry on both sides of the 4000 A break, accurate
spectroscopic redshifts, and a firm upper limit of the stellar age 0.84 Gyr, given the age of the universe at
z=64. Even so, we note that additional systematic uncertainties may be unaccounted for thus leading to
greater uncertainty in the mass estimates than we have quoted.

NIRSpec Observations and data reduction
The NIRSpec Fixed-Slit data for the two quasars were obtained on October 30, 2022 for J2236+0032 and
October 28, 2022 for J2255+0251. The targets were aligned onto the 072 x 32 S200A2 slit and observed
with the medium-resolution (R ~ 1000) G395M grating, which covers 2.87 — 5.27 um in the observed
frame. Total exposures of 1,970 seconds were obtained for each target.

The spectroscopic data were processed with the JWST pipeline version 1.8.5. Raw (uncal) data
were downloaded from the MAST archive, which has the parameter reference files jwst_1027.pmap.
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The stage 1 calibration was performed with the default parameters but with the function to detect large
cosmic-ray hits on the detector turned on during the Jump step. The 1/ f noise along the vertical direction
was subtracted from the Stage 1 products using the same method as that for NIRCam images. Pixels
of the science frames flagged as bad or saturated were masked based on the associated Data Quality
frames. During the Stage 2 data processing, including flat-fielding and flux calibration, we use in-flight
measurements of spectrophotometric standard stars (jwst_nirspec_fflat_0065.fits) to convert the detector
signals into physical units. The signal loss due to the optical system and the finite width of the S200A2
slit were corrected in the Pathloss step by applying built-in correction factors for a point source as a
function of wavelength. The two-dimensional spectra at each dither position were then stacked using
the Stage 3 pipeline. The pixel resampling scale was kept to the original pixel scale of the detector. A
6-pixel-wide box-car aperture (0”6 wide) was employed to extract the one-dimensional spectrum from the
stacked spectrum.

Spectrum fitting

We use a public code QSOF i tMORE*? (version 1.2.0%) with custom modification to fit the NIRSpec
rest-optical spectra of the two quasars. The continuum emission is fitted with two components: power-law
emission from the accretion disk, and a pseudo-continuum from the forest of singly-ionized iron emission.
QSOFitMORE uses an empirical iron template of ref. 43. The rest-frame 5100 A monochromatic
luminosity (Ls;oo) is derived from the best-fit power-law continuum model with a power-law index of ¢,
(i.e., flux density F) o< A%).

Emission lines are modeled with a combination of one or more Gaussian profiles. J2236+0032 needs
one broad component for HB, while the adjacent forbidden emission of [O 111] AA14960,5008 requires
one narrow component and another blueshifted broad component. The narrow [O 111] doublet is forced to
have the same line width without velocity offsets between the two. The [O 111] redshifts of the two targets
are derived from the peaks of the narrow [O 111] components. The [O 111] redshift of J2236+0032 agrees
well with the location of the absorptionlines we detect in Hy, HS, and He (Figure 3). The HB+[O 111] line
profile as well as the continuum properties of J2236+0032 are reported in Extended Data Table 2. A full
description of the fitting procedure and other emission line properties will be presented in Onoue et al. (in

prep.).

BH mass estimates

The central black hole masses Mgy of the two quasars are measured by the single-epoch method using
broad Hf emission lines. Assuming that the broad Hf emission traces the kinematics of the gas orbiting
in the vicinity of the SMBHs (the so-called broad-line-region), one can use the line width of Hf as a proxy
of the rotation velocity of the broad-line-region gas. There is also an empirical correlation between the
rest-frame 5100 A continuum luminosity (Lsgo) and the radius from the SMBH to the broad-line-region
gas, which is observed by the reverberation mapping technique**. In this paper, we use the recipe provided
by ref. 16 to estimate the black hole mass:

0.50 2
Mgy = 10591 [ — 22 — | Ms. 1
BH (1044 erg s—1> (103 km s~! © )

Based on the spectrum fitting results described above, we derive virial BH masses of My = (1.54 +
0.27) x 10° My, for J2236+0032 and Mgy = (2.02 +£0.17) x 108 M., for J2255+0251. Note that these

3nttps://doi.org/10.5281/zenodo.4893646
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virial SMBH masses have intrinsic uncertainties of 0.4 dex '°, which is not included in the error budget
above. We report the derived BH properties in Extended Data Table 2.

We estimate the host galaxy contribution to the rest-optical continua of the NIRSpec spectra, using the
decomposed host galaxy images in the NIRCam’s F356W filter. Referring to the relative position angle
of the NIRCam and NIRSpec observations, we find that the stellar emission falling inside the 072 x 076
extraction aperture is 21.8% (J2236+0032) and 4.8% (J2255+0251) with respect to the total emission.
We interpret this as the fraction of the host starlight in the observed continuum emission in the NIRSpec
G395M spectrum for each source, which allows us to correct the 5100 A continuum luminosity to that from
the quasar emission alone. Accordingly, the virial BH masses become Mgy = (1.36 +0.15)x 10° M,
for J2236+0032 and Mpy = (1.97 £0.17) x 103 M, for J2255+0251, respectively. These corrected BH
properties are reported in Extended Data Table 2, and are adopted in Figure 4. This correction is more
significant for J2236+0032, in which stellar absorption lines are detected (Figure 3).

Emission from HB+[O 111] in the hosts

Our SED model allows for the inclusion of the HB+[O 111] line emission that falls within the F365W filter
(Extended Data Figure 5). However, if those lines were of high equivalent width in the hosts, they could
affect the broad-band photometry used in the stellar mass inference, especially if the gas is ionized by
the quasar*#%. To ensure that our NIRCam detection of extended host emission is not dominated by
these lines, we directly compare the total flux of the HB+[O.111] narrow lines seen in our spectra with the
contribution from the host in the NIRCam image within the aperture of the spectral slit. For J2236+0032,
narrow Hf3 emission is not detected and the [O 111] emission in NIRSpec contributes only ~ 3% of the
host galaxy light.

For J2255+0251, the narrow HB+[O 111] emission is comparable to the host galaxy brightness measured
in the F356W filter. Much of this emission may be coming from the narrow-line region of the quasar itself.
To quantify the impact on the detection of the stellar continuum, we use the 2D NIRSpec spectroscopic
data and fit a Gaussian to the unresolved spatial profile at each wavelength, allowing the centroid to
vary linearly with wavelength, setting the width to be the same as the spatial PSF as measured from a
publicly available reference star in the same spectroscopic configuration as our observations, and letting
the amplitude be a free parameter. The best-fit Gaussian profile at each wavelength is then subtracted
from the 2D spectrogram to reveal any spatially extended [O I1I] emission in the spectrum. A background
region of equivalent size is subtracted from the extended emission region. We calculate the flux density of
the extended emission in the F356W band and compare it to the flux density of the NIRCam host galaxy
within the aperture of the NIRSpec slit on the sky. For J2255+0251, the [O 111] extended emission has a
magnitude of 27.6, which is 11% of the flux of the observed host galaxy within the slit aperture. Note that
the measurement of the extended emission is based on the observational fact that the apparent minor axis
of J225540251 is wider than the scale of the PSF in F356W (see Figure 2). We thus conclude that the
majority of the narrow HB+[O 111] emission in J2255+0251 comes from the unresolved quasar, which has
been removed by our quasar decomposition. For J2236+0032, we use the same approach and find that the
extended [O 111] has a magnitude of 27.5 mag. The flux ratio between the extended [O 111] and the host
galaxy within the slit is ~ 3%. No extended H emission was detected in either target.

Construction of mock quasar and host galaxy sample at z = 6.4

We use the method described in ref. 17 to generate mock samples to assess the expected location of our
two quasars in the black hole - stellar mass plane. We start with a large galaxy sample representative of
the population at z ~ 6 based on the stellar mass function'>. We then assume that the ratio of black hole to
host stellar mass and its dispersion are the same as the local values (i.e., no evolution). As an update on
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this procedure, we now use the BH Eddington rate distribution of ref. 47 to assign quasar luminosities.
Observational uncertainty on M, and intrinsic uncertainty on Mgy are incorporated with a selection on
magnitude (—23.9 < M450 < —23.8) is applied. The orange contours in Figure 4 show the resulting
bivariate probability distribution in the stellar mass-black hole mass plane. We further generate samples
for different evolution rates (Mpg/M, o< (1 +z)7) in steps of 0.1 in y and under the assumption that the
dispersion is the same as the local value (ref. 17,48 demonstrates that the evolution rate and dispersion are
degenerate). The probability distribution of 7y is determined given our measurements of both Mgy -and M.
of our two quasars (Extended Data Figure 6); ¥ lies in the range —0.40 to +-0.84 with 68% confidence.
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Code Availability

The JWST data were processed with the JWST calibration pipeline (https://jwst-pipeline.
readthedocs. io). Public tools were used for data analysis: galight 2, galfit 3> and PyQSOFit*2,

Data Availability

The JWST data are available in the MAST and can be accessed via doi:10.17909/2259-3v32 (JWST
GO 1967) after a twelve-month exclusive access period. Reduced quasar NIRCam image cutouts are
also available from the corresponding author upon request or at https://github.com/dartoon/
publication/tree/main/SHELLQs_J2236_J2255_data.
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Extended Data legends

Extended Data Table 1: Summary of the quasar decomposition results. The photometry mea-
surements are obtained using galight, where the top-performance PSFs are weighted with differ-
ent point_source_supersampling_factor. We also present the host magnitudes inferred by
galfit, combining results using top-performance PSFs. The RA and Dec are from the HSC measure-
ments, consistent with JWST’s. The stellar masses are from gs f; we also find consistent results using the
Bagpipes and CIGALE codes.

Extended Data Table 2: Spectroscopic properties and virial BH masses. The corrected values are
based on the quasar continuum emission after subtracting the host galaxy light falling onto the NIRSpec
fixed slit. Flux values are in units of 1077 ergcm=2 s~ 1.

Extended Data Figure 1: Distribution of known quasars at redshift z > 5.8. The y-axis indicates
the absolute magnitudes at rest-frame 1450 A. The two target quasars in this work are shown in red
(J2236+0032 at z = 6.40, and J2255+0251 at z =6.34), while other low-luminosity quasars from the
HSC-SSP are shown in blue. The JWST 12 Cycle 1 targets in GO #1967 are highlighted with open circles.
Other known quasars are shown in black.

Extended Data Figure 2: Quasar-subtracted images of J2236+0032 based on 2D decomposition by
two independent codes. The inferred host magnitude from each code is indicated. For this comparison,
the point_source_supersampling factorissetto2 for galight. The same PSF is used for
this comparison. Coordinates are in pixel units; the pixel scales for F356W and F150W are 070315 and
070153, respectively.

Extended Data Figure 3: Testing the effect of PSF star mismatch on the inferred presence of a host
galaxy. 7op: The residuals using the top five PSF star pairs for J2255+0251 in F356W (10 of 20 are
shown) — we see no evidence for extended residual emission. Using these 20 PSF residual maps, the
PSF mismatch standard deviation is calculated for each pixel. Bottom: Maps of host galaxy signal (i.e.,
data—point-source model) divided by the standard deviation (as indicated by the color scale) for both
targets in two filters. The host is clearly detected in all cases except for J2255+0251 in F150W.
Extended Data Figure 4: Distribution of the inferred host magnitude from simulations with and
without a host present. When the host of J2255+0251 is added into the mock image in the simulations,
the derived host magnitude distribution based on 100 realizations (dark orange) is consistent with the input
true value, with an r.m.s. scatter of 0.12 mag. When the host light is not included in the mock image and
we still fit the host light in our model, we infer host magnitudes with a broad distribution (tan histogram),
centered two magnitudes fainter.

Extended Data Figure 5: The SED inference using the host galaxy two-band photometry based on
gsf. Top: The red data points with errors indicate the inferred host fluxes. The gray region represents
the 10 range of variation in SED templates obtained through MCMC, while the black line represents the
median SED template. The blue diamonds indicate the predictions using this median template. Bottom:
The distribution of the host galaxy SED properties using MCMC inference.
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Extended Data Figure 6: Probability distribution of the evolution parameter based on observations
of our two quasars. The evolution parameter Y is inferred as Mpy/M.. o< (1 +z)?. The 68% confidence
interval in Y lies between —0.40 and 4-0.84. The black dashed line indicates the 50 percentile position
(+0.21).
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J2236+0032 J2255+0251

RA 22 36 44.58 22 55 38.04
Dec +00 32 56.90 +02 51 26.60
Redshift 6.40 6.34
Mi450 (mag) —23.8 —23.9

F356W F150W F356W F150W
Resr () 0.1340.02 0.10+0.03 0.27+0.19 -
Resr (kpc) 0.7+0.1 0.5+0.2 1.5+1.1 -
Sérsic index fixed as 1 fixed as 1 1.5+14 -
ellipticity (b/a) 0.3940.02 0.3440.11 0.61+0.09 -
PA (N to W) —39.4°42.8° —48.8°4+25.5° 26.0°£11.6° -
flux ratio 25.5%+4.4% 10.2%+t2.8% 9.8%+2.6% < 3.8%
quasar mag 21.954+0.07 22.734£0.04  22.154+0.03 22.8940.02
host mag 23.124+0.20 25.124+0.29  24.584+0.30 > 26.3
host mag (galfit) 23.10+0.07 24.95+0.10 24.2740.06 > 26.7

host log M. (M)

1112735 10.53793}

Extended Data Table 1



J2236+0032 (corrected) J2255+0251 (corrected)
[O 111] redshift 6.4039 +0.0009 6.333+£0.001
Fug broad 2.13+0.10 7.01+0.09
F4p narrow 0.36+0.07
Flo 11112.4960,core 0.07£0.10 0.26+0.04
Flo 11114960, wing 0.49+0.14 0.31+0.02
Fio 11125008, core 0.34+0.13 0.66+0.09
Flo 115008, wing 0.96+0.18 1.36+0.08
o, —1.75240.003 —1.75+£0.02
Lsig0 (10% erg s™1) 2.29+0.02 1.7940.01 1.5314+0.008 1.458+0.008
HB FWHMy;aq (km s™1) 62904 560 2520+ 110
Mgy (108 M) 15.442.7 13.6+1.5 2.02+0.17 1.97+0.17

Extended Data Table 2
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