
Detection of stellar light from quasar host galaxies at redshifts above
6
Ding, X.; Onoue, M.; Silverman, J.D.; Matsuoka, Y.; Izumi, T.; Strauss, M.A.; ... ; Yang, J.

Citation
Ding, X., Onoue, M., Silverman, J. D., Matsuoka, Y., Izumi, T., Strauss, M. A., … Yang, J.
(2023). Detection of stellar light from quasar host galaxies at redshifts above 6. Nature,
621(7977), 51-55. doi:10.1038/s41586-023-06345-5
 
Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)
Downloaded from: https://hdl.handle.net/1887/3716914
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3716914


Nature | Vol 621 | 7 September 2023 | 51

Article

Detection of stellar light from quasar host 
galaxies at redshifts above 6

Xuheng Ding1,2 ✉, Masafusa Onoue1,3,4 ✉, John D. Silverman1,2,5, Yoshiki Matsuoka6, 
Takuma Izumi7,8, Michael A. Strauss9, Knud Jahnke4, Camryn L. Phillips9, Junyao Li10, 
Marta Volonteri11, Zoltan Haiman12,13, Irham Taufik Andika14,15, Kentaro Aoki16, 
Shunsuke Baba17, Rebekka Bieri18, Sarah E. I. Bosman4, Connor Bottrell1,2, 
Anna-Christina Eilers19, Seiji Fujimoto20, Melanie Habouzit4,21, Masatoshi Imanishi7,22, 
Kohei Inayoshi3, Kazushi Iwasawa23,24, Nobunari Kashikawa5,25, Toshihiro Kawaguchi26, 
Kotaro Kohno25,27, Chien-Hsiu Lee28, Alessandro Lupi29, Jianwei Lyu30, Tohru Nagao6, 
Roderik Overzier31, Jan-Torge Schindler32, Malte Schramm33, Kazuhiro Shimasaku5,25, 
Yoshiki Toba7,34, Benny Trakhtenbrot35, Maxime Trebitsch36, Tommaso Treu37, 
Hideki Umehata38,39, Bram P. Venemans32, Marianne Vestergaard30,40, Fabian Walter4, 
Feige Wang30 & Jinyi Yang30

The detection of starlight from the host galaxies of quasars during the reionization 
epoch (z > 6) has been elusive, even with deep Hubble Space Telescope observations1,2. 
The current highest redshift quasar host detected3, at z = 4.5, required the magnifying 
effect of a foreground lensing galaxy. Low-luminosity quasars4–6 from the Hyper 
Suprime-Cam Subaru Strategic Program (HSC-SSP)7 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 the JWST. Using 
near-infrared camera imaging at 3.6 and 1.5 μm and subtracting the light from the 
unresolved quasars, we find that the host galaxies are massive (stellar masses of 13 ×  
and 3.4 × 1010 M☉, respectively), compact and disc-like. Near-infrared spectroscopy at 
medium resolution 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 × 109 and 2.0 × 108 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 (absolute magnitude at 1450 Å, M1450 = −23.87 
and −23.66 mag, respectively), roughly ten times less luminous than 
typical bright quasars at these redshifts8–10. Using the JWST with the 
Near-Infrared Camera (NIRCam)11, we observed J2236+0032 on 6 
November 2022 and J2255+0251 on 26 October 2022. Images were taken 
in two broad-band filters (F356W and F150W) to detect their host galax-
ies at 3.56 and 1.50 μm, thus bracketing the rest-frame 4,000 Å break, 
a characteristic feature of galaxy spectra that constrains the age of 
the stellar population. Total exposure times were roughly 3,100 s for 
each filter per target.

In Fig. 1, we show a 24 × 24″ region and zoomed-in cut-outs of the 
JWST images centred on the quasars for both filters. As expected, 
both quasars are detected at high significance. The first quasar 
J2236+0032 (magnitude in filters F356W and F150W, respectively, 
mF356W = 21.75 ± 0.02 mag, mF150W = 22.78 ± 0.02) has no evidence of close 
neighbours. The second quasar J2255+0251 (mF356W = 22.20 ± 0.02 mag, 
mF150W = 23.03 ± 0.02) has two neighbouring sources (less than 2.6″) 

that do not have spectroscopic redshifts at this point; however, 
their detection in the Hyper Suprime-Cam (HSC) r and i bands 
suggests that both of them are at lower redshifts than the central  
quasar.

The detection of an underlying host galaxy requires careful decom-
position of the two-dimensional (2D) 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 centred on each target. We use the software galight12 to identify 
stars from each image to model the 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 modelled using a 
2D Sérsic profile13 whose parameters include the position, size (Reff), 
axis ratio, orientation, flux and the radial profile and/or shape of the 
light distribution (that is, 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 on the basis 
of the dispersion resulting from different PSF models with different 
modelling techniques (Methods).
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As shown in Fig. 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 (mF356W = 23.12 ± 0.20; mF150W = 25.12 ± 0.29 mag). The 
inferred host-to-total flux ratios are 25.5 ± 4.4 and 10.2 ± 2.8% with 
sizes (Reff) of 0.7 ± 0.1 and 0.5 ± 0.2 kpc for F356W and F150W, respec-
tively. The light distribution is elongated in the same direction (that 
is, NE–SW) in the two filters, suggesting a mildly inclined disc-like 
host. For this target, we fix the Sérsic index to 1 in both bands—cor-
responding to an exponential disc model—to avoid non-physical fits; 
this is supported by a subsequent fit to the host-galaxy emission after 
subtracting the quasar (Methods). For J2255+0251, the host galaxy is 
clearly detected in the F356W band (mF356W = 24.58 ± 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 Reff = 1.5 ± 1.1 kpc with a Sérsic index of 1.5 ± 1.4, suggesting a  
more disc-like than spheroidal profile. The host galaxy is not detected 
in the F150W image, resulting in an upper limit of mF150W = 26.3 mag 
(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 bluewards of the 4,000 Å 
break. We use NIRSpec14 observations to demonstrate that the contri-
bution of extended line emission to the host photometry in F356W is 
minimal (Methods).

Our two photometric bands lie on either side of the 4,000 Å 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 (the ratio of the host galaxies’ metallic-
ity to the solar metallicity in log space) ⊙Z Zlog /  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 
Av is in the range of [0, 5.0] mag. With standard assumptions on  
the stellar initial mass function, we find that J2236+0032 has a stellar 
mass of M1.3 × 10−0.6

+2.0 11
☼, whereas J2255+0251 is less massive with 

M3.4 × 10−1.9
+7.6 10

☼. 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 esti-
mates (see Methods for full details on our mass estimates and their 
uncertainties). Our host galaxies are among the highest stellar mass 
galaxies known at z ≅ 6 (ref. 15).

A rest-frame optical spectrum of each quasar was obtained by the 
NIRSpec instrument on JWST (Fig. 3). These spectra cover 2.87–5.27 μm, 
or roughly 4,000–7,000 Å in the rest-frame, revealing strong emis-
sion lines including the Hβ + [O iii] multiplet, Hα, and blended Fe ii 
pseudo-continuum. The 0.2″-wide slit was aligned along the major 
axis of the host galaxy of J2236+0032 (Fig. 2). We serendipitously iden-
tify stellar absorption lines (Hγ, Hδ and Hε) in J2236+0032. Thus, the 
contribution of stellar light is confirmed both from the imaging and 
spectroscopy in this object. We use the velocity width of the broad 
Hβ emission line and the rest-frame 5,100 Å 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 supermassive 
black hole (SMBH). Using a recipe calibrated in the local Universe16 
and subtracting the stellar emission, we obtain virial masses of black 
hole as MBH = 1.4 × 109 M☉ for J2236+0032 and MBH = 2.0 × 108 M☉ for 
J2255+0251, respectively (Methods).
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Fig. 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.
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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 black hole 
mass–stellar mass (MBH–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 pur-
pose, we combine the quasar flux limits, the estimated black hole mass 
and accretion rate functions at z ≅ 6, as well as uncertainty in our stel-
lar mass estimates to predict the expected MBH for these two quasars, 

under the baseline assumption that the MBH–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 MBH–M* relation from z ≅ 6.4 to z = 0, as shown for 
the inferred underlying relation in the right panel of Fig. 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 Fig. 6 in the Methods). However, continuing 
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is shown in the left panel of the F356W image for each target. Pixel units are 
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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 galaxies18–20.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
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Fig. 4 | Black hole mass–stellar mass plane at z ≅ 6.4. The left shows the 
observed locations of our two z ≅ 6.4 quasars marked in red. The orange 
contours (1–3σ levels) show the expected distribution of a mock quasar sample 
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relation at z = 0 (refs. 21,22). 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 H0 = 70 km s−1 Mpc−1, Ωm = 0.30 
and ΩΛ = 0.70 is adopted, where  H0 is the Hubble constant and Ωm and ΩΛ 
are the matter density and dark energy density, respectively, at the pre-
sent time, which gives a scale of 5.63 kpc per ″ 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 programme 
(Observation ID 1967; principal investigator, M. Onoue), which targets 
12 of the lowest-luminosity quasars at redshift 6.0 to 6.4 (ref. 23) dis-
covered by the HSC-SSP7, an optical wide-field survey using the 8.2-m 
Subaru Telescope. These quasars were spectroscopically confirmed 
by ground-based follow-up observations4–6. The quasars show broad 
Lyα emission and strong intergalactic medium absorption bluewards 
of Lyα. This is a deep survey, which is sensitive to quasars a factor of 
ten less luminous than those discovered by shallower surveys such as 
the Sloan Digital Sky Survey (Extended Data Fig. 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 × 2.2 arcmin2. 
Total exposures of 3,100 s in the two filters (F356W and F150W) were 
obtained simultaneously. A 4 × 4 primary and subpixel dithering pat-
tern was used to mitigate cosmic ray hits and bad pixels in the detec-
tor and to ensure subpixel resampling during the stacking step. We 
used the INTRAMODULEBOX and STANDARD dithering patterns for 
the primary and subpixel dithers, respectively. We used the BRIGHT1  
readout mode.

The data were processed using the standard procedures in JWST pipe-
line v.1.7.2. The precalibrated ‘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 (https://jwst-crds.stsci.edu). For individual frames, global back-
ground light was first subtracted using the Background2D function of 
Photutils24. 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 
postprocessed 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 0.0315 and 0.0153″, 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  
(refs. 12,25–27). However, HST’s roughly 90-min orbit means that it 
is continually passing between Earth’s shadow and direct sunlight, 
causing the telescope to expand and contract (‘orbital breathing’) and 

giving rise to a time-dependent PSF. The difficulty of modelling the 
PSF has not allowed quasar host galaxies to be detected significantly 
beyond z ≳ 3 (refs. 1,2,28,29), where host starlight can be only measured 
through the SED fitting method30.

Here, we follow our tested strategy12, including the analysis of JWST 
images31, and build a PSF library by identifying all isolated, unsaturated 
stars of sufficient signal-to noise ratio in our images. We identified 12∣16 
PSF stars in filter F150W∣F356W for J2236+0032 and 9∣5 PSF stars in filter 
F150W∣F356W in the images for J2255+0251. We use our 2D modelling 
software galight12 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 (https://galight.readthedocs.io/en/latest/) that uses the image 
modelling capabilities of lenstronomy32. It has been adopted for quasar 
decomposition of images by HST12, JWST31 and the HSC survey33. We 
adopt uniform priors for the effective radius Reff ∈ [0.03″, 2.0″] and 
the Sérsic index (n) ∈ [0.3, 9] of the host to avoid unphysical parameter 
inference. For J2255+0251, there is one nearby object that we fit simul-
taneously 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 back-
ground, we use each PSF in our library in turn to fit the image. The per-
formance of each PSF is determined by its best-fit χ2 value. We select 
groups of two, three and five PSFs from the library that have the top level 
χ2 performance and then average them using psfr (S. Birrer et al., manu-
script in preparation). To optimize our modelling 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 mod-
els in the updated library. We determine our final result parameters 
by weighting their χ2 values, as defined by ref. 12, equations (3)–(6). 
The uncertainties we quote are based on the dispersion in the host 
properties from these five different PSF models. Errors based on vari-
ation 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 galaxies34. The final inferred 
host filter magnitude, size, Sérsic index and other fit parameters are 
presented in Extended Data Table 1. The images in Fig. 2 are based on 
the PSF with the best performance. The sizes of our host galaxies are 
defined using the Sérsic effective radius Reff along the semimajor axis 
measured by galight.

The quasar host of J2236+0032 seems 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 Reff of 0.03″ (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 
1011.8 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 elongated in F356W, suggesting that it is a disc-like 
edge-on galaxy. We also find a consistent position angle between F356W 
and F150W, as shown in Fig. 2. Thus, for J2236+0032, we adopt the 
results with Sérsic n fixed to 1. We further directly fit the ‘data − quasar’ 
residual image (that is, 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 Reff and 
the host magnitude consistent with those with the n = 1 fit.

As J2255+0251 has no clear host detection in the F150W band, we 
remodel the data and fix the host-galaxy parameters (host Sérsic 
index, Reff, 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 ± 0.2 mag. We quote these inferences 
in Extended Data Table 1 and adopt a lower limit to the magnitude  
of 26.3 mag.

https://jwst-crds.stsci.edu
https://galight.readthedocs.io/en/latest/


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 subpixel 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 interpola-
tion. For guidance here on the optimal setting, we compared our results 
with the decomposition from galfit35 while implementing different 
supersampling factor values, that is, 1 (no interpolation) and 2. The 
choice of supersampling factor had a greater impact on the F150W 
decomposition 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 Fig. 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_fac-
tor 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 reanalyse the data using the first eight and the second eight dith-
ers 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 centre (using a 0.12 and 
0.06″ 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 artefact of the chosen PSF stars, we selected the five top-performing 
PSF in the library, and identified 20 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 Fig. 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. By 
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 show the maps of the host signal-to-noise ratio 
for all images of our two quasars in the bottom panels of Extended  
Data Fig. 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 100 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 1σ 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 Fig. 4. We note that these simulation tests were conducted with 
point_source_supersampling_factor set to 1. The similar scatter distri-
bution 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 galax-
ies at z ≅ 6.4 using the photometry and its uncertainty based on NIRCam 
imaging with two filters (F356W and F150W) that straddle the rest-frame 
4,000 Å 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 initial mass function in our analysis to allow direct 
comparison with the local black hole–host-galaxy mass relations (for 
example, refs. 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 (Av). We adopt 
a uniform prior on the age over the range [0.01, 0.84] (in Gyr), extend-
ing to the age of the Universe at z = 6.4. We adopt a uniform prior in 
metallicity Z Zlog / ⊙ over the range [−1,−0.3] following refs. 36,37. We 
assume an Av 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 Av is 
weaker; hence, we assume Av follows a log-normal distribution with a 
median value at 0.85 as supported by recent JWST observations of 
high-redshift galaxies38. A measurement of the Balmer decrement (that 
is, the ratio of narrow Hα and Hβ in the spectrum) implies an attenua-
tion Av = 0.67 ± 0.13 mag for the narrow-line region (M. Onoue et al., 
manuscript in preparation), consistent with the median extinction 
value of our prior. We also note that for J2236+0032, the contribution 
of the host in the spectrum (M. Onoue et al., mauscript in preparation) 
has a magnitude in close agreement with the NIRCam photometry, 
supporting our stellar mass estimate.

We use gsf39 to perform the SED model fitting. This software gener-
ates a set of templates with a range of ages and metallicities according 
to the prior to fit a composite stellar population-like star formation 
history. A random parameter sampling is performed through Markov 
chain Monte Carlo to infer the probability distribution of the SED 
parameters. For J2236+0032 and J2255+0251, the inferred values of 
logM* are 11.12−0.27

+0.40 and 10.53−0.37
+0.51  (in units of M☉), respectively, as shown 

in Extended Data Table 1. In Extended Data Fig. 5, we present the best-fit 
SEDs of the two quasar hosts, in which the Markov chain Monte Carlo 
inference indicates that the stellar mass is mildly sensitive to age and 
metallicity but is more sensitive to Av. We also adopt the same configu-
ration for the independent code Bagpipes40 and CIGALE41 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 4,000 Å break, accurate spectroscopic redshifts and a firm upper 
limit of the stellar age 0.84 Gyr, given the age of the Universe at z = 6.4. 
Even so, we note that extra systematic uncertainties may be unac-
counted 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 30 
October 2022 for J2236+0032 and 28 October 2022 for J2255+0251. 
The targets were aligned onto the 0.2 × 3.2″ S200A2 slit and observed 
with the medium-resolution (R ≅ 1000) G395M grating, which covers 
2.87–5.27 μm in the observed frame. Total exposures of 1,970 s were 
obtained for each target.

The spectroscopic data were processed with the JWST pipeline v.1.8.5. 
Raw (uncal) data were downloaded from the MAST archive, which has 
the parameter reference files jwst_1027.pmap. The stage 1 calibration 
was performed with the default parameters but with the function to 
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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 
on the basis of 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 
2D 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 used 
to extract the one-dimensional spectrum from the stacked spectrum.

Spectrum fitting
We use a public code QSOFitMORE42 (v.1.2.0) (https://doi.org/10.5281/
zenodo.4893646) 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 
disc and a pseudo-continuum from the forest of singly ionized iron 
emission. QSOFitMORE uses an empirical iron template of ref. 43. The 
rest-frame 5,100 Å monochromatic luminosity (L5,100) is derived from 
the best-fit power-law continuum model with a power-law index of αλ 
(that is, flux density F λ∝λ

αλ).
Emission lines are modelled with a combination of one or more Gauss-

ian profiles. J2236+0032 needs one broad component for Hβ, whereas 
the adjacent forbidden emission of [O iii] λλ4960, 5008 requires one 
narrow component and another blueshifted broad component. The 
narrow [O iii] doublet is forced to have the same line width without 
velocity offsets between the two. The [O iii] redshifts of the two targets 
are derived from the peaks of the narrow [O iii] components. The [O iii] 
redshift of J2236+0032 agrees well with the location of the absorption 
lines we detect in Hγ, Hδ and Hε (Fig. 3). The Hβ + [O iii] 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 M. Onoue et al. 
(manuscript in preparation).

Black hole mass estimates
The central black hole masses MBH of the two quasars are measured 
by the single-epoch method using broad Hβ emission lines. Assum-
ing that the broad Hβ emission traces the kinematics of the gas orbit-
ing in the vicinity of the SMBHs (the so-called broad-line region), one 
can use the line width of Hβ as a proxy of the rotation velocity of the 
broad-line-region gas. There is also an empirical correlation between 
the rest-frame 5,100 Å continuum luminosity (L5,100) and the radius 
from the SMBH to the broad-line-region gas, which is observed by the 
reverberation mapping technique44. In this paper, we use the recipe 
provided by ref. 16 to estimate the black hole mass:
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where FWHM means the full-width at half-maximum. Based on the 
spectrum fitting results described above, we derive virial black 
hole masses of MBH = (1.54 ± 0.27) × 109 M☉ for J2236+0032 and 
MBH = (2.02 ± 0.17) × 108 M☉ for J2255+0251. Note that these virial SMBH 
masses have intrinsic uncertainties of 0.4 dex (ref. 16) that are not 
included in the error budget above. We report the derived BH proper-
ties in Extended Data Table 2.

We estimate the host-galaxy contribution to the rest-optical con-
tinua 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 stel-
lar emission falling inside the 0.2 × 0.6″ extraction aperture is 21.8% 
( J2236+0032) and 4.8% ( J2255+0251) with respect to the total emis-
sion. 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 5,100 Å continuum lumi-
nosity to that from the quasar emission alone. Accordingly, the virial 
BH masses become MBH = (1.36 ± 0.15) × 109 M☉ for J2236+0032 and 
MBH = (1.97 ± 0.17) × 108 M☉ for J2255+0251, respectively. These corrected 
BH properties are reported in Extended Data Table 2, and are adopted 
in Fig. 4. This correction is more significant for J2236+0032, in which 
stellar absorption lines are detected (Fig. 3).

Emission from Hβ + [O iii] in the hosts
Our SED model allows for the inclusion of the Hβ + [O iii] line emission 
that falls within the F365W filter (Extended Data Fig. 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, espe-
cially if the gas is ionized by the quasar45,46. To ensure that our NIRCam 
detection of extended host emission is not dominated by these lines, 
we directly compare the total flux of the Hβ + [O iii] 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 Hβ 
emission is not detected and the [O iii] emission in NIRSpec contributes 
only roughly 3% of the host-galaxy light.

For J2255+0251, the narrow Hβ + [O iii] 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 show any 
spatially extended [O iii] 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 gal-
axy within the aperture of the NIRSpec slit on the sky. For J2255+0251, 
the [O iii] 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 observa-
tional fact that the apparent minor axis of J2255+0251 is wider than the 
scale of the PSF in F356W (Fig. 2). We thus conclude that most of the 
narrow Hβ + [O iii] 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 iii] has a magnitude of 27.5 mag. The flux ratio between the extended 
[O iii] and the host galaxy within the slit is roughly 3%. No extended Hβ 
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 function15. We then assume 
that the ratio of black hole to host stellar mass and its dispersion are 
the same as the local values (that is, no evolution). As an update on this 
procedure, we now use the black hole Eddington rate distribution of 
ref. 47 to assign quasar luminosities. Observational uncertainty on M* 
and intrinsic uncertainty on MBH are incorporated with a selection on 
magnitude (−23.9 < M1450 < −23.8) is applied. The orange contours in 
Fig. 4 show the resulting bivariate probability distribution in the stellar 

https://doi.org/10.5281/zenodo.4893646
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mass–black hole mass plane. We further generate samples for differ-
ent evolution rates (MBH/M* ∝ (1 + z)γ) in steps of 0.1 in γ and under the 
assumption that the dispersion is the same as the local value (refs. 17,48 
demonstrates that the evolution rate and dispersion are degenerate). 
The probability distribution of γ is determined given our measurements 
of both MBH and M* of our two quasars (Extended Data Fig. 6); γ lies in 
the range of −0.40 to +0.84 with 68% confidence.

Data availability
The JWST data are available in the MAST and can be accessed through 
https://archive.stsci.edu/doi/resolve/resolve.html?doi=10.17909/2z59-
3v32 ( JWST GO 1967) after a 12-month exclusive access period. Reduced 
quasar NIRCam image cut-outs are also available from the correspond-
ing author upon request or at https://github.com/dartoon/publication/
tree/main/SHELLQs_ J2236_ J2255_data.

Code availability
The JWST data were processed with the JWST calibration pipeline 
(https://jwst-pipeline.readthedocs.io). Public tools were used for data 
analysis: galight12, galfit35 and PyQSOFit42.
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Extended Data Fig. 1 | Distribution of known quasars at redshift z > 5.8. The 
y-axis indicates the absolute magnitudes at rest-frame 1450 Å. 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 Fig. 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_factor is set to 2 for galight. The same PSF is used for this 
comparison. Coordinates are in pixel units; the pixel scales for F356W and 
F150W are 0. 0315″  and 0. 0153″ , respectively.
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Extended Data Fig. 3 | Testing the effect of PSF star mismatch on the 
inferred presence of a host galaxy. Top: 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 Fig. 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.
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Extended Data Fig. 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 1σ 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.



Extended Data Fig. 6 | Probability distribution of the evolution parameter based on observations of our two quasars. The evolution parameter γ is inferred 
as MBH/M* ∝ (1+z)γ. The 68% confidence interval in γ lies between −0.40 and +0.84. The black dashed line indicates the 50 percentile position (+0.21).
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Extended Data Table 1 | Summary of the quasar decomposition results

The photometry measurements are obtained using galight, where the top-performance PSFs are weighted with different 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 measurements, consistent with JWST’s. The stellar masses are from gsf; 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 10−17 erg cm−2 s−1.
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