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A post-starburst pathway for the formation 
of massive galaxies and black holes at z > 6
 

Understanding the rapid formation of supermassive black holes in the early 
Universe requires insights into stellar mass growth in host galaxies. Here we 
present NIRSpec rest-frame optical spectra and NIRCam imaging from JWST 
of two galaxies at z > 6, both hosting moderate-luminosity quasars. These 
galaxies exhibit Balmer absorption lines, like low-redshift post-starburst 
galaxies. Our analyses of the medium-resolution spectra and multiband 
photometry show that the bulk of the stellar mass (log(M*/M") ≥ 10.6) formed 
in starburst episodes at redshift 9 and 7. One of the galaxies shows a clear 
Balmer break and lacks spatially resolved Hα emission. It falls well below the 
star-formation main sequence at z = 6, indicating quiescence. The other is 
transitioning to quiescence; together, these massive galaxies are among the 
most distant post-starburst systems known. The blueshifted wings of the 
quasar [O %%%] emission lines indicate quasar-driven out&ow, which possibly 
in&uences star formation. Direct stellar velocity dispersion measurements 
reveal that one galaxy follows the local black hole mass versus σ* relation 
whereas the other is overmassive. The existence of massive post-starburst 
galaxies hosting billion-solar-mass black holes in short-lived quasar phases 
indicates that supermassive black holes and host galaxies played a principal 
role in each other’s rapid early formation.

Using the near-infrared spectrograph (NIRSpec) onboard the James 
Webb Space Telescope ( JWST)1, we obtained rest-frame optical spectra 
at medium resolution of two quasars J2236+0032 and J1512+4422, with 
redshifts of 6.40 and 6.18, respectively (full coordinates provided in 
Methods). As clearly shown in Fig. 1a,b (top), Hγ and H( are detected 
in absorption in the NIRSpec data of these systems with accreting 
supermassive black holes (SMBHs), whereas H) and the red part of 
H* are also present for J2236+0032 due to the bluer rest-frame wave-
length coverage of the spectrum. These strong Balmer absorption 
lines are direct evidence for stellar emission from host galaxies with a 
predominance of A- and F-type stars, as seen in post-starburst galaxies 
after short-lived O- and B-type stars have faded away within ~100 Myr. 
The NIRSpec data also reveal blueshifted broad wing components in 
the forbidden [O %%%] λ5008 emission line (Extended Data Fig. 1 and 
Extended Data Table 1), which are commonly taken as evidence for ion-
ized gas outflow on nuclear scales. The Hα line of J1512+4422 exhibits 
a double-peaked profile, which can be explained by emission from a 

rotating accretion disk in the quasar broad-line region (see Extended 
Data Fig. 2 and Methods for more details).

To model the underlying stellar populations in these two systems, 
we decomposed the spectra into quasar and host galaxy components. 
We used multiband imaging data from the JWST near-infrared camera 
(NIRCam) for this exercise. For J2236+0032, we achieved contiguous 
coverage from 1 µm to 5 µm (or 1,500 Å to 6,500 Å in the rest frame) 
with five broadband and three medium-band filters. For J1512+4422, 
two-band photometry at 1.50 µm and 3.56 µm brackets the Balmer 
limit. The stellar emission from both host galaxies was successfully 
detected in all NIRCam images by performing a two-component model 
fit that includes an unresolved quasar and an extended host galaxy 
(Extended Data Fig. 3 and Extended Data Table 2). Extended Data Fig. 4 
shows that the host galaxies span the 0.2"-wide NIRSpec slit in the dis-
persion direction. Nonetheless, they are intrinsically compact, with 
effective radii measured along the semimajor axis no greater than 1 kpc 
(Extended Data Table 3). In this decomposed multiband photometry, 
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the break tracing the past 100 Myr of star formation and the Hα emis-
sion tracing the past 10 Myr. There is little spatially extended Hα emis-
sion in the two-dimensional (2D) spectrum of J2236+0032 (C.L.P. et al.,  
paper in preparation), consistent with the flat F444W + F480M 

the clear photometric break at rest frame ~4,000 Å and the lack of an 
excess in F480M, where Hα falls at z , 6.4, provide further evidence that 
J2236+0032 has not been forming stars recently (Fig. 1a, bottom left). 
Note that these two features are sensitive to different timescales2, with 
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Fig. 1 | JWST NIRSpec G395M spectra of J2236+0032 and J1512+4422.  
a, J2236+0032. b, J1512+4422. a,b, Balmer absorption lines, indicative of a 
post-starburst phase, are clearly detected. Top: the decomposed quasar and 
host galaxy components are shown in blue (dashed lines for the power-law 
continuum and solid lines for the continuum plus emission line model) and red, 
respectively. The grey solid line represents the error spectrum. Pixels affected 
by cosmic rays are masked. Flux density F- is in units of 10+19 erg cm+2 s+1 Å+1. 
Bottom left: best-fitting galaxy SED models from Bagpipes according to the 
delayed-τ SFH model (dark blue). The extracted host galaxy spectrum, scaled 
to match the decomposed F356W host photometry, is shown in cyan. The grey 

bar at the bottom shows the wavelength range of the spectrum used in the SED 
fit. NIRCam photometry is shown with red symbols. Filter transmission curves 
are displayed at the bottom. Error bars in the x and y directions represent the 
effective bandwidth and the photometric uncertainties, respectively. Inset: 
Balmer absorption lines. Bottom right: recovered SFHs (delayed-τ is orange and 
non-parametric is blue). Solid lines show median posteriors; darker (lighter) 
shaded regions indicate 16th–84th (2nd–98th) percentile intervals. Filled and 
open symbols indicate the median posteriors of the formation redshift (zform) 
and the quenching redshift (zquench), respectively, for each SFH model. Error bars 
indicate the 16th–84th percentile ranges. QSO, quasi-stellar object.
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colour of the host. We first model the quasar continuum shape and 
subtract the continuum plus emission lines to isolate the host galaxy  
spectra (Fig. 1a,b (top)), as detailed in Methods. We then scale the 
extracted host spectra to match the decomposed photometry of 
the host galaxies at 3.56 µm, while accounting for the flux loss from  
the 0.2"-wide slit.

We then fit the decomposed host galaxy photometry and spec-
tra with stellar population models using Bagpipes, a public spectral 
fitting code3,4. We use the Kroupa initial mass function5 and two mod-
els for star-formation history (SFH): a delayed-τ model where the 
star-formation rate SFR(t) . t exp(+t/τ), with τ denoting the timescale 
of the exponential decline of star formation, and a non-parametric 
SFH model with a continuity prior presented in ref. 6. We use 7 time 
bins for the non-parametric model with bin edges at 0 Myr, 10 Myr, 
100 Myr, 200 Myr, 300 Myr, 400 Myr, 600 Myr and 800 Myr before 
the redshift of observation. The best-fitting spectral energy distribu-
tion model (SED) and the recovered SFHs for each target are shown in 
Fig. 1a,b (bottom). The posteriors of the model parameters are given 
in Extended Data Table 4 and Extended Data Fig. 5.

In the delayed-τ  SFH model, we find that the stellar  
masses of logM
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 (±0.02) for J1512+4422 were built up in bursts 
of star formation, as shown by the rapid rise and fall of their inferred 
SFHs (Fig. 1a,b, bottom right). Here we report the errors from 
model-fitting and, in parentheses, those due to the imaging decomposi-
tion in the F356W filter (18% for J2236+0032 and 6% for J1512+4422). 
Other uncertainties due to the assumptions of the initial mass function, 
the radial profile (Methods) and biases in the assumed SFH shapes are 
not taken into account. The non-parametric SFH model returns stellar 
masses consistent with the delayed-τ SFH model for both targets.

The recovered SFHs indicate that the two galaxies experienced 
starburst episodes at earlier times. The delayed-τ SFH model indicates 
that J2236+0032 had a peak SFR of 1,910+870
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 yr+1 with a 
mass-weighted stellar population age of 270+20
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 Myr. This age, corre-
sponding to a formation redshift of z
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, represents the time 
when half of the observed stellar mass had formed. Similarly, the 
inferred peak SFR of J1512+4422 is 1,400+520
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SFH model yields less extreme yet high SFR peaks with 300+140
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 yr+1 
for J2236+0032 and 480+100

−120
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⊙

 yr+1 for J1512+4422. The inferred ages 
are 40–130 Myr longer than those from the delayed-τ model. The dif-
ference between the two SFH models is attributed to the distinct SFH 
shape assumed by each SFH model and also to the fact that the present 
data are not sensitive to stellar populations older than those observable 
in the rest-frame optical stellar continuum.

In contrast to its previous vigorous starburst activity, the SFR of 
J2236+0032 dropped sharply, with an e-folding timescale of 
τ = 18

+9

−5

 Myr. The non-parametric SFH model also indicates a ≳2 dex 
decline of SFR over the past 100 Myr. As a result, both SFH models 
confirm that the 2σ upper limits of each specific SFR, defined as the 
ratio of SFR to stellar mass, are ≲0.1 Gyr+1 and ≲0.01 Gyr+1 when averaged 
over the past 100 Myr and 10 Myr, respectively. This galaxy was 
quenched approximately 100 Myr before the observation, correspond-
ing to a quenching redshift z

quench

= 7.6

+0.3

−0.2

 (delayed-τ SFH) or 
zquench = 7.1 (non-parametric SFH), where the quenching time is the 
epoch when the SFR times the Universe’s age drops below 20% of the 
stellar mass7. This rapid quenching is consistent with what has been 
found for other high-redshift massive quiescent galaxies8–10.

J1512+4422, which experienced its peak star formation more 
recently, is currently on the star-formation main sequence, but it is 
transitioning to quiescence (Fig. 2, left) with an e-folding time like that of 
J2236+0032. Both SFH models indicate that the specific SFR decreases 
from ≲1 Gyr+1 (averaged over the past 100 Myr, 2σ) to ≲0.2 Gyr+1 (10 Myr). 
The latter places J1512+4422 around the threshold for quiescence. We 
conclude that both z > 6 quasar host galaxies are among the earliest 

massive post-starburst galaxies known and were quenching rapidly 
within the first billion years of the Universe (Fig. 2, right).

We can now chart the mass assembly histories of these two qua-
sar host galaxies and their central SMBHs as a function of cosmic 
time. As illustrated in Fig. 3 (left), the two galaxies in this study had 
already grown to stellar masses of 1010.5 M⊙ by redshifts 9 and 7, pos-
sibly indicating that they are the evolved descendants of the currently 
known highest-redshift galaxies hosting an active galactic nucleus 
(AGN)11,12. The rapid stellar mass growth of J2236+0032 and J1512+4422 
stands in contrast to the smooth mass growth predicted by theoreti-
cal models13,14.

Another challenge is to explain how the SMBHs that power these 
quasars formed in the early Universe. These quasars have estimated 
black hole (BH) masses of MBH = 1.1 / 109 M⊙ and 1.3 / 109 M⊙, based on 
broad Balmer emission lines (Methods). If these started as seed BHs 
growing constantly at the Eddington limit, the seed mass was ≲103 M⊙, 
depending on the seeding epoch (Fig. 3, middle). This scenario, how-
ever, is not strongly preferred, because we estimate sub-Eddington 
accretion rates at the observed redshifts. An alternative and prob-
ably more realistic scenario involves intermittent super-Eddington 
episodes, as demonstrated in semi-analytical calculations by ref. 15 
(Fig. 3, grey lines in the middle panel). This evolutionary scenario, in 
which the exponential BH accretion mode turns on and off for short 
periods of time, is generally consistent with studies that indicate that 
the duty cycle of z > 6 quasars—the fraction of time when BH accretion 
is active—is considerably lower than unity16,17.

The right panel of Fig. 3 illustrates the evolution of the two galaxies 
in the M* versus MBH plane. We assume constant Eddington limit accre-
tion throughout for simplicity. The suppressed stellar mass growth 
causes the two SMBHs, now observed above the local bulge mass versus 
SMBH mass relation (grey line), to climb up the co-evolution plane after 
the starburst phase. This scenario holds unless the SMBHs reached 
109 M⊙ by the starburst epoch, which is unlikely given the young age 
of the Universe and the evidence that rapid SMBH assembly typically 
follows a host starburst in the local Universe18,19. These galaxies may 
also have SFHs like those of known 4 < z < 11 JWST AGNs11,12,20, although 
the pre-starburst SFHs of our sample remain poorly constrained. We 
also point out that further observations of the local environments are 
required to address whether these galaxies have completely halted 
star formation or whether star formation will be rejuvenated once 
the gas expelled by the quasar feedback falls back or is refilled from 
their host haloes21.

The clear detection of stellar absorption lines allows us to measure 
the stellar velocity dispersion σ*, a tracer of the depth of the central 
mass potential. We measure σ* for the two galaxies as part of the Bag-
pipes fitting analysis of the SED. The velocity profiles of the stellar 
population models are convolved with Gaussian kernels to fit the 
observed Balmer absorption lines. From the delayed-τ SFH model, we 
recover stellar velocity dispersions of the Balmer lines of 
σ

∗

= 290

+50

−60

 km s+1 for J2236+0032 and σ
∗

= 160

+30

−40

 km s+1 for 
J1512+4422. These represent direct measurements of stellar velocity 
dispersion for quasar hosts at z > 6. They are also among the most 
distant successful measurements of stellar absorption lines for any 
high-redshift galaxy to date10,22,23. We use the penalized pixel-fitting 
method (pPXF), a widely used tool for measuring σ*, to validate the 
Bagpipes results (Methods and Extended Data Fig. 6). For J2236+0032, 
the inferred σ* from pPXF agrees with that from Bagpipes. For 
J1512+4422, however, the inferred σ* is consistent with an unresolved 
line within the 1σ uncertainty. We, therefore, adopt a conservative 2σ 
upper limit of σ* < 190 km s+1, as reported in Extended Data Table 4. Note 
that the spectrum of J1512+4422 covers only the central region of the 
host galaxy, which is smaller than the effective radius along the semi-
major axis (Extended Data Fig. 4), whereas for J2236+0032, the slit is 
aligned with the orientation of the host galaxy. This may affect the 
interpretation of the reported σ* constraints.
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We show the distribution of the black hole mass and σ* in Fig. 4, 
along with local samples and the result for GS-9209, a z = 4.7 quiescent 
galaxy hosting an accreting black hole8. J2236+0032 falls on the local 
relation of ref. 24, whereas J1512+4422 lies slightly above it, indicating 
that the tight MBH–σ* correlation observed in the local Universe is being 
established at z , 6, with a larger scatter at earlier times. The right 
panel of Fig. 4 shows that the ionized gas velocity of [O %%%] does not 
necessarily trace σ*, highlighting the need for direct σ* measurements 
of high-redshift AGNs to characterize the redshift evolution of the 
underlying MBH–σ* relation.

The existence of massive quenched galaxies at high redshifts8,9,23, 
as seen by JWST, challenges our understanding of galaxy evolution. 
Although a tight connection between starburst and AGN activity 
has been proposed for decades18,19, it has been unclear whether 
quasar activity is the primary cause of star-formation quenching. 
Our discovery of post-starburst galaxies hosting quasars within the 
first 900 Myr of the Universe adds a layer of intrigue. These obser-
vations reveal that, in the high-redshift gas-rich Universe, galaxies 
can undergo a rapid transition from a starburst phase to a quies-
cent state while their central SMBHs continue to accrete gas and 
appear as quasars. Similar cases have recently been reported8,25–27 
at 2 < z < 5. J2236+0032 and J1512+4422 may represent a brief (a few 
100 Myr) phase of quasar-driven galaxy quenching or they could 
be the cumulative effect of several quasar episodes associated with 
the earliest-formed SMBHs that quenched star formation. The lat-
ter interpretation aligns with the short quasar lifetime indicated in 
quasar clustering analyses (~1–10 Myr)17,28 and theoretical models of 
early SMBH growth15 (Fig. 3, left). We point out that the high peak SFRs 
inferred for J2236+0032 and J1512+4422 are comparable to the host 
SFRs of ultraviolet (UV) luminous quasars in the same redshift range 

(SFR , 100–1000 M⊙ yr+1)29,30, implying that these two galaxies are in a 
later quenching phase than the starbursting quasar hosts previously 
known. Our results shed light on the mechanisms driving quasar 
activity and its role in galaxy quenching at early cosmic epochs and 
highlight the need for a better understanding of the mutual growth 
history of SMBHs and their host galaxies.

Methods
Cosmological model
A standard cosmology with a Hubble constant of H0 = 70 km s+1 Mpc+1, a 
matter density parameter of Ωm = 0.3 and a dark energy density param-
eter of Ω0 = 0.7 is adopted, which gives a scale of 5.51 and 5.62 proper kil-
oparsecs per arcsecond at z = 6.4 and 6.18, respectively. 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.

Spectroscopic data
The targets presented in this paper, HSC J223644.58+003256.9  
(ref. 31) at z = 6.4 (hereafter J2236+0032) and HSC J151248.71+442217.5 
(ref. 32) at z = 6.18 (hereafter J1512+4422) were originally discovered by 
the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP)33. Their 
HSC y-band magnitudes and absolute UV magnitudes at rest-frame 
1,450 Å are (y, M1450) = (23.19, +23.75) and (24.16, +22.07), respectively. 
These two quasars were observed in a JWST cycle 1 programme using 
NIRSpec and NIRCam (GO 1967; PI M. Onoue), which aims to charac-
terize the properties of the central SMBHs and host galaxies of the 
moderate-luminosity HSC-SSP quasars. The [O %%%] redshifts of the 
two targets, based on their narrow components, are consistent with 
the rest-frame UV measurements (∣zUV + z[O %%%]∣ 1 0.01; Extended Data 
Table 1), as detailed below.

9.5 10.0 11.0 11.5

log M* (M☼
–1)

−2

−1

0

1

2

3
lo

g 
SF

R 
(M

☼ y
r−1

)

J2236+0032 (SFR100)
J2236+0032 (SFR10)
J1512+4422 (SFR100)
J1512+4422 (SFR10)

ALMA Mdyn
z = 6 MS (Salmon + 15)
−1, −2 and –3 dex

10.5 3 4 5 6 7
zspec

3

4

5

6

7

8

9

10

11

zz f
or

m

Schreiber + 18 
Valentino + 20 
Forrest + 20
Carnall+23, + 24 
Nanayakkara + 24 
Kakimoto + 24 
Looser + 24 De 
Graaff + 24 
Glazebrook + 24 
Wu + 24
Weibel + 24 
This work

7

8

9

10

11

12

log M
* /M

☼
J2236+0032

J1512+4422

Fig. 2 | Quiescence of the two quasar host galaxies. Left: the stellar mass 
versus SFR distribution of quasar host galaxies at z ≳ 6, compared with the 
star-formation main sequence72 at z , 6 and its scatter (black solid line and grey 
shading). The red and blue symbols represent the median posteriors of the 
inferred SFR (delayed-τ SFH model) for J2236+0032 and J1512+4422, respectively. 
For each target, the SFR averaged over the last 100 Myr (SFR100) and 10 Myr (SFR10) 
is shown as darker and lighter colours, respectively. Error bars indicate the 16th–
84th percentile ranges. ALMA dynamical mass measurements and obscured SFR 
for z ≳ 6 quasars compiled in ref. 73 are shown as grey crosses. The dotted lines 

show the star-formation main sequence offset by +1, +2 and +3 dex, respectively. 
Right: spectroscopic redshift zspec and formation redshift zform of known quiescent 
galaxies at z > 3, colour-coded by stellar mass (more massive galaxies are shown 
in redder colours). The targets of this work (the delayed-τ SFH model) are the 
most distant such objects known with stellar mass log M*/M" > 10. Comparison 
data are from refs. 8–10,23,45,74–80. Symbols and error bars indicate best-fitting 
values and their 1σ ranges. We note that several other galaxies with Balmer breaks 
have been reported at high redshift81–83.
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The JWST NIRSpec observations were executed on 28 Octo-
ber 2022 for J2236+0032 and 14 February 2023 for J1512+4422. 
The targets were aligned onto the 0.2"-wide S200A2 slit using the 
wide-aperture target acquisition method. Data were taken with the 
medium-resolution G395M grating, which covers 2.87–5.27 µm. For 
our emission and absorption line measurements, we used the spectral 
resolution R = 750, which is provided in the JWST documentation. 
Note that both host galaxies were extended along the dispersion 
direction of the S200A2 slit, which is 0.2" wide, as shown in Extended 
Data Fig. 4. The exposure for J2236+0032 was divided into 45 groups 
at each of three primary dither positions without subpixel dithers, 
amounting to 1,970 s. The NRSIRS2RAPID mode was used for detector 
read-out. The y-band magnitude of J1512+4422 is 1 mag fainter than 
J2236+0032, so we integrated longer, using the NRSIRS2 detector 
read-out mode. The target was observed with 18 groups each at three 
primary dither positions, which was repeated twice to achieve a total 
exposure time of 7,878 s.

Here we briefly describe the NIRSpec data reduction in this paper; 
the details are given in ref. 34. The raw (uncal) spectroscopic data 
were downloaded from the Mikulski Archive for Space Telescopes and 
processed with JWST pipeline v.1.17.1 with parameter reference files 
JWST_1100.PMAP ( J2236+0032) and JWST_1069.PMAP ( J1512+4422), 
as registered in the JWST Calibration Reference Data System (https:// 
jwst-crds.stsci.edu). The 1/f noise in the 2D spectra was subtracted 
after the stage 1 pipeline reduction using a public code implemented in 
msaexp (ref. 35). For each target, the point-source pathloss correction 
was applied during the stage 2 pipeline reduction to make sure that the 
quasar light from the targets was fully flux-calibrated. The processed 
2D cal spectra at each dither position were stacked using the stage 3 
pipeline with inverse-variance weighting. One-dimensional spectra 
were extracted with a 6-pixel-wide (0.6" wide) box-car aperture.

Photometric data
JWST broadband NIRCam imaging data were also available for the 
two targets. Images taken with two broadband filters (F150W and 
F356W) were obtained for each target in GO 1967. These two filters 
were chosen to straddle the redshifted Balmer break. J2236+0032 
was also observed in another six photometric filters (F115W, F200W, 
F250M, F300M, F444W and F480M) in cycle 2 (GO 3859; PI M. Onoue). 
These eight-band photometric data cover the rest-frame wavelength 
range from 1,550 to 6,530 Å. The Hα line of J2236+0032 falls in the 
medium-resolution F480M filter, which makes it possible to address 
the Hα emission strength of the host galaxy. The raw imaging data 
were processed with the same procedure as in ref. 34 with the pipeline 
v.1.8.5. For both the short-wavelength (F115W, F150W and F200W) and 
long-wavelength (F250M, F300M, F356W, F444W and F480M) data, 
single-visit images from the stage 2 pipeline were stacked with a pixel 
scale a factor of 2 smaller than that of the detector during the RESAM-
PLE step of the stage 3 pipeline processing. The final pixel scales were 
0.0153" for short-wavelength and 0.0315" for long-wavelength images. 
The astrometry was calibrated against GAIA Data Release 3 stars within 
the field of view of the target images.

Two-dimensional image decomposition of NIRCam data
We used galight36, which uses the image modelling capabilities of Len-
stronomy37 to separate the bright quasar light from the stellar light of 
the underlying host galaxy. A scaled point spread function (PSF) was 
used to represent the unresolved quasar emission. The radial profile of 
the stellar emission from the host galaxy was modelled by a 2D Sérsic 
profile convolved with the PSF model. This software has been tested 
with many astronomical images from the Hubble Space Telescope36 and 
the ground-based Subaru/HSC38. D23 shows that the stable and sharp 
JWST PSF makes it possible for galight to detect quasar host galaxies34,39 

0.2 0.4 0.6 0.8

Age of Universe (Gyr)

7

8

9

10

11
lo

g 
M

* (
M

☼–1
)

0.2 0.4 0.6 0.8

Age of Universe (Gyr)

3

4

5

6

7

8

9

10

lo
g 
M

BH
 (M

☼–1
)

7 8 9 10 11
5

6

7

8

9

10

lo
g 
M

BH
 (M

☼–1
)

6.578910122030
Redshift

6.578910122030
Redshift

Eddington limit
Sub-Eddington
Light seed (ref. 14)
Heavy seed
Trinity
SAM (ref. 15)

J2236+0032
J1512+4422
DM halo mergers (ref. 14)
Trinity (ref. 13)

GN-z11

UHZ1 Delayed τ
Non-parametric
Local

D23
Bright QSO
JADES
UHZ1
GS-9209
ALMA

log M* (M☼
–1)

Fig. 3 | Growth pathways of the two quasar host galaxies and their SMBHs. 
Left: stellar mass assembly as a function of cosmic time based on the delayed-τ 
SFH models (solid lines) and non-parametric SFH models (dotted lines). The 
16th–84th percentile range is indicated by the shaded region for each model. 
For comparison, the average growth curve from the Trinity simulation13 is shown 
in green, and that based on the dark matter halo merger history from ref. 14 is 
shown in cyan. Both model curves, fine-tuned to reproduce the observed stellar 
mass of J2236+0032, are smooth and in contrast to its inferred mass growth, 
which reaches >1010.5 M⊙ by z , 8. Two of the known z > 10 galaxies hosting 
AGN are also presented (GN-z11 (ref. 11) in orange and UHZ1 (ref. 12) in brown). 
Middle: BH mass assembly as a function of time. The red lines show cases in 
which J2236+0032 continuously accretes at the Eddington limit (solid) or at 
the observed Eddington ratio (10%; dashed), both with 10% radiative efficiency. 
The blue lines show the models of ref. 14, where the seed BH for J2236+0032 is a 
light seed of 50 M⊙ (solid line) or a heavy seed of 105 M⊙ (dashed line). The four 
grey lines show the semi-analytical model from ref. 15, where seed BHs grow 

by changing Eddington ratios (including super-Eddington accretion rates) for 
short periods of time. The four BHs presented here are a representative sample 
of BHs that reach ~109 M⊙ by z = 6. These model growth curves are scaled to 
match the BH mass of J2236+0032. Right: evolution in the MBH versus M* plane 
(solid lines: delayed-τ SFH; dotted lines: non-parametric SFH model). Luminous 
quasars whose host stellar emission is detected with JWST84–86 (pink) and faint 
AGNs from the JWST Advanced Deep Extragalactic Survey20 (orange, with smaller 
symbol sizes than GN-z11) are shown for comparison. Quasar systems with 
ALMA dynamical masses and Mg %%-based MBH compiled by ref. 73 are shown as 
grey crosses. The z = 4.7 quiescent galaxy GS-9209 (ref. 8) is shown in green. The 
stellar and BH masses of the two z > 6 quasar host galaxies in the earlier study of 
ref. 34 (D23), which includes J2236+0032, are shown as open red stars. The local 
bulge mass versus BH mass relation from ref. 24 is shown as the grey line. Error 
bars represent 1σ ranges in all panels. DM, dark matter; JADES, JWST Advanced 
Deep Extragalactic Survey; SAM, semi-analytical model.
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at z = 2–6. The shape of the PSF, which was crucial in the decomposition 
analysis, was based on bright isolated stars detected in the same image 
as the quasars. We applied each of these PSF models in turn when fitting 
the target images and selected the top five PSF models based on χ2. The 
imaging decomposition results reported in this work are based on the 
best-fitting model with their uncertainties derived from the dispersion 
in the host properties from these five PSF models. During the fitting 
process, we used a fixed Sérsic index of n = 3 for the two target galaxies. 
The choice of this Sérsic index was motivated by a morphological study 
of high-redshift quiescent galaxies from ref. 40. We also performed the 
imaging decomposition analysis with the Sérsic index fixed to n = 1, 
2 or 4; however, we found no substantial difference in the goodness 
of fit between the four cases because of the degeneracy between the 
unresolved quasar emission and the host emission, especially given 
how compact the host galaxies of our two targets are. The imaging 
decomposition analysis was performed separately for the images in 
each of the eight ( J2236+0032) and two bands ( J1512+4422).

The results of the 2D image decomposition are reported in 
Extended Data Table 2. We successfully recovered the host stellar emis-
sion from both targets across all filters. The original NIRCam images 
and the host images after PSF subtraction are shown in Extended Data 
Fig. 3. J2236+0032 and J1512+4422 show the brightest stellar emission 
in F356W among the 12 targets observed in our cycle 1 programme. 
Extended Data Table 3 shows that both host galaxies have compact 
morphologies in the F356W images, with effective radii (Reff) of 0.10–
0.17 arcsec, corresponding to Reff = 0.55–0.96 proper kpc. The Reff val-
ues measured in other filters were also below 1 kpc, supporting the 
robustness of the fitting results. In addition to their compactness, these 
galaxies exhibit moderately elongated shapes, with minor-to-major 
axis ratios q = 0.3–0.5. The full results for our cycle 1 and cycle 2 data 
will be presented in ref. 41.

Spectroscopic decomposition for the NIRSpec data
We decomposed the NIRSpec rest-frame optical spectra into quasar 
and host components. We first performed continuum plus emission 
line spectral fitting for the spectra obtained to model strong emission 
lines, a power-law quasar continuum and the iron pseudo-continuum, 
which should be subtracted for the host galaxy analysis. Note that stellar 

emission was not taken into account in this step. For this purpose, we ran a 
public spectral fitting tool QSOFitMORE (v.1.2.0)42 with custom modifica-
tion to fit the continuum and emission lines simultaneously. We manually 
masked pixels that were affected by the high-order Balmer absorption 
lines, allowing us to fit broad emission components for Hγ ( J2236+0032 
and J1512+4422) and Hδ ( J1512+4422). Each of these two Balmer emis-
sion line components was fitted with a single Gaussian profile. As is also 
described by D23, J2236+0032 needs one Gaussian profile for H2 and one 
narrow and one broad component for each of the [O %%%] doublet lines.

To subtract the quasar continuum emission from the line-free 
spectra, we adopted a single power-law function, f

λ

∝ λ

α

λ , where αλ 
represents the continuum slope. For J2236+0032, we fitted a single 
power-law function to the decomposed quasar NIRCam photometry 
in the three filters that encompass the NIRSpec data (F300M, F356W 
and F444W). The host galaxy spectrum was extracted by subtracting 
the emission line (including iron) plus power-law quasar model from 
the original spectrum. To account for extended emission falling outside 
the S200A2 slit, we rescaled the decomposed host spectrum upwards 
by 7% to match the host galaxy photometry in F356W. After performing 
the initial host SED fitting analysis, we iterated the emission line fitting 
and host extraction using the best-fitting host SED model, as detailed 
later in this section. In the second iteration, we modelled the line and 
continuum emission using the spectrum from which the galaxy model 
had been subtracted. We found that this iterative procedure improved 
the modelling of the broad Balmer lines, which were affected by stellar 
absorption. The resulting quasar continuum slope is αλ = +1.89 ± 0.26. 
The host SED properties reported in this paper are based on the spec-
trum with the quasar continuum subtracted using this updated model.

For J1512+4422, we initially fixed αλ to +1.7, a typical value for 
low-redshift quasars43. We then updated it to αλ = +2.23 ± 0.01 based 
on the second iteration of the QSOFitMORE fitting, using the spec-
trum with the initial host galaxy model subtracted. The scale factor 
of the continuum model needed some consideration. We first scaled 
the single power-law so that the emission line plus power-law quasar 
model matched the F356W quasar photometry (22.51 ± 0.05 mag). 
However, when we did so, the equivalent widths (EWs) of the Balmer 
absorption lines became too large to be reproduced with the stellar 
population models. One could avoid this issue by assuming a flatter αλ; 
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Fig. 4 | Stellar velocity dispersion (σ*) measurements. Left: distribution of 
MBH versus σ*. Red and blue symbols represent J2236+0032 and J1512+4422, 
respectively. The green symbol shows GS-9209 (ref. 3), and orange symbols 
show the JADES sample20. Cyan symbols show the z < 1 quasars from the Sloan 
Digital Sky Survey reverberation mapping project87. Error bars represent 1σ 
ranges, except for σ* of J1512+4422, which is shown as a 2σ upper limit (see text 
for details). Note that σ* measurements are based on stellar absorption lines for 
our targets and GS-9209, whereas the JADES sample use the ionized gas velocity 

dispersion measured from the [O %%%] emission lines (σ[O III]). The grey line and 
shading show the local relation and its scatter24 (KH13). Right: comparison of σ* 
estimated from the Balmer absorption lines with σ[O III]. The diagonal dashed line 
is the one-to-one relation, and the dotted lines indicate the cases where the [O %%%] 
velocity dispersion is offset from the spectroscopic σ* from +0.2 to +0.2 dex in 
steps of 0.1 dex. For J2236+0032, σ* is larger than σ[O III] by approximately +0.2 dex. 
SDSS RM, Sloan Digital Sky Survey reverberation mapping project.
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however, when we did so, the extracted host continuum became too 
blue to be reproduced by galaxy SED models. This is also the case when 
the assumed Sérsic index was changed to n = 1, 2 or 4. We, therefore, 
allocated further flux to the quasar component to derive meaning-
ful host SED characteristics. After some experimentation, we found 
that adding +0.2 mag to the F356W quasar photometry resulted in 
a satisfactory result. This inconsistency between the imaging and 
spectroscopic decomposition is potentially due to a non-negligible 
contribution from unresolved galaxy emission to the quasar photom-
etry. Given the potential oversubtraction of the quasar emission, the 
stellar population analysis of J1512+4422 warrants caution. Multiband 
or higher-resolution imaging follow-up observations are required.

Strength of Balmer absorption and Balmer break
Here we report model-independent measures of the strength of Balmer 
absorption lines and the Balmer breaks. To characterize the strength of 
the Balmer line absorption, we measured the H( rest-frame EW for both 
the original spectrum and the decomposed host galaxy-only spectrum. 
Following the procedure of ref. 44, we measured the inverse-variance 
weighted mean continuum flux at two wavelength windows, [4,030, 
4,082] Å, and [4,122, 4,170] Å, and interpolated them to estimate the local 
continuum at the wavelength of Hδ. Using the decomposed host galaxy 
spectrum, we derived EW(H() = 9.5 ± 0.3 Å for J2236+0032 and 9.1 ± 0.1 Å 
for J1512+4422, which meet the definition of quiescent galaxies adopted 
in ref. 45 (>4 Å). The H( EW of the original spectrum before subtracting 
the quasar continuum was 2.8 ± 0.1 Å and 3.9 ± 0.1 Å, respectively.

We also measured the strength of the Balmer break for J2236+0032 
using the decomposed photometry. The F250M and F300M 
medium-band filters cover the rest-frame wavelengths of 3,259–
3,506 Å and 3,825–4,266 Å, thus straddling the Balmer break. The 
ratio of the flux density at these two filters can serve as a proxy for the 
Balmer/4,000 Å break indices in the literature. We took the ratio of Fλ 
values and derived Fλ(F300M)/Fλ(F250M) = 1.9 ± 0.8. The corresponding 
ratio for Fν (in units per unit frequency) is 2.8 ± 1.2. According to ref. 46,  
this value is comparable to those expected for a single stellar popula-
tion with an age of several 100 Myr (see their Extended Data Fig. 1), 
which is broadly consistent with the age estimate from our SED fitting 
analysis (Extended Data Table 4). Note that the original wavelength 
windows applied in ref. 46 are [3,145, 3,563] Å and [3,751, 4,198] Å. Also 
note that there may be a contribution from [Ne %%%] λ3867 to the F300M 
photometry. We did not measure the same index for J1512+4422, as the 
photometric data were limited to F115W and F356W.

Recently, ref. 47 suggested that an AGN can mimic the stellar 
Balmer break and Balmer absorption when the nuclear radiation is 
absorbed by dense gas clouds. This scenario may explain the contin-
uum shape and the apparently large stellar masses and high abundance 
of the dust-obscured compact ‘little red dot’ galaxies in the early Uni-
verse. We argue that such a model is not a good fit to the two quasars in 
this paper, which show similar features. The photometric SEDs in Fig. 1 
are based on the spatially extended components of the two sources. 
Therefore, the clear Balmer break in J2236+0032 does not originate 
from AGN emission, which is expected to be unresolved. The constraint 
on the Balmer break for J1512+4422 is rather weak, and this object shows 
a double-peak profile in Hα emission (see ‘Double-peak profile in Hα 
emission from J1512+4422’); however, the broad Balmer absorption 
of the high-redshift little red dot galaxies is mostly blueshifted with 
respect to the narrow emission lines47, whereas Hα for J1512+4422 has 
a higher peak at the bluer side than its redder side. Given these dif-
ferences, the arguments of ref. 47 do not be apply to J2236+0032 and 
J1512+4422, at least not to the same extent as to little red dots.

Modelling the stellar populations of quasar host galaxies with 
Bagpipes
We performed spectrophotometric fitting for the two quasar host 
galaxies using Bagpipes, a public spectral fitting code used to model 

galaxy SEDs3,4. We limited the spectral fitting window to rest frame 
14,800 Å, because there are no apparent absorption lines from the 
host galaxy at longer wavelengths. We also found that the use of the 
full NIRSpec data overly biases the SED fitting towards the rest-frame 
optical wavelengths, as the relative weight of the NIRCam photometry, 
particularly F150W, which is sensitive to the rest-frame UV wave-
lengths, becomes reduced. Moreover, the absorption line fitting was 
not optimal. The resulting NIRSpec wavelength ranges for J2236+0032 
and J1512+4422 are λrest = 3,890–4,800 Å and 4,010–4,800 Å, respec-
tively. We masked the red wing of the Hγ absorption line of J1512+4422 
over λrest = 4,344–4,369 Å because this range cannot be well repro-
duced by our analyses. A potential reason for this poor fit is that 
J1512+4422 exhibits a distinct line profile (Extended Data Fig. 2) that 
is not represented by Gaussian profiles. We used the default stellar 
population synthesis models of Bagpipes, which are based on the 
2016 version of the BC03 models48,49 with the Kroupa initial mass 
function5. The same function is commonly adopted in analyses of 
massive quiescent galaxies in the literature. The lower and upper 
cutoff masses are 0.1 M⊙ and 100 M⊙, respectively. These models use 
the MILES stellar spectral library50, which has a wavelength resolution 
of ~2.5 Å in 3,525–7,500 Å.

We explored the SFH of the target galaxies assuming two models: 
delayed-τ SFH (SFR(t) . te+t/τ), where τ represents the decay timescale, 
and the non-parametric continuity SFH model of ref. 6. The choice 
of the delayed-τ SFH is appropriate for the target galaxies because 
we aimed to characterize the SFHs of galaxies that are expected to 
decline after a major star-forming epoch. The non-parametric SFH 
model is more flexible than the parametric SFH, while the continuity 
prior implemented works against a rapidly quenched SFH. During 
the SED fitting process, the stellar age was limited to the ranges 
10–840 Myr ( J2236+0032) and 10–800 Myr ( J1512+4422) using a 
logarithmic prior. These upper limits correspond to the age of the 
Universe at the quasar redshifts. The stellar mass was allowed to 
vary within the range log(M*/M")= 5–15 using a logarithmic prior. 
Dust attenuation was modelled with the Calzetti law51. A logarithmic 
prior was used for the rest-frame V-band attenuation over the range 
AV = 0.01–5 mag. The stellar metallicity was fixed to 0.5 Z⊙, a value 
expected from extrapolation of the stellar mass versus gas-phase 
metallicity relation of z = 4–10 galaxies52. The redshift has a Gaussian 
prior, given by the measured [O %%%] redshift and its estimated uncer-
tainty. A noise scaling factor (/1–10) was implemented to match the 
flux uncertainty output by the JWST pipeline to the actual variation 
of the data relative to the model. Note that the recovered scaling 
factor for the two galaxies in this study (1.4–1.9) is broadly consist-
ent with what ref. 8 found for their quiescent galaxy, indicating that 
the error spectrum produced by the JWST pipeline underestimates 
the actual signal fluctuation. The stellar velocity dispersion σ* was 
measured by convolving the stellar continuum models with Gauss-
ian kernels in velocity space. We allowed σ* to vary within the range 
σ* = 1–1,000 km s+1. The instrument resolution (σ , 170 km s+1) at the 
wavelengths of the Balmer absorption lines was taken into account 
by referring to the JWST User Document. Logarithmic priors were 
used for these two parameters. Finally, nebular emission lines were 
taken into account for J2236+0032 with the ionization parameter 
fixed to log U = +3. This nebular component was designed to provide 
an upper limit of the Hα flux.

We reran our SED fitting for J2236+0032 by fixing the stellar metal-
licity from 0.1 to 1 Z⊙ with the delayed-τ SFH model, finding that the 
choice of the stellar metallicity did not largely affect the stellar mass 
estimate. The mass-weighted age changed from 240 to 350 Myr (50th 
percentile), and the recovered SFH satisfied the quiescent threshold 
for all cases, thus, doing this did not affect the main results of this paper. 
Note that the goodness of fit did not largely change from the fiducial 
0.5 Z⊙ model (|Δχ2

reduced

| < 0.2), indicating that a direct estimate of stellar 
metallicity is challenging with the existing data.
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We note that the σ* measurements of the two galaxies based 
on Balmer absorption lines should be interpreted with caution. 
J2236+0032 aligns well with the major axis of the host, whereas for 
J1512+4422, the slit is tilted by approximately 60 degrees relative to 
the disk-like elongated component of the stellar emission. In addition, 
the kinematics of A- and F-type stars, which dominate the observed 
spectra of the two galaxies at rest-frame optical wavelengths, may not 
accurately represent the kinematics of the older stellar populations that 
typically dominate the total mass of the galaxy. To achieve more precise 
σ* measurements, integral field spectroscopy with JWST or the Atacama 
Large Millimeter Array (ALMA) as well as observations of non-hydrogen 
σ* tracers53 (such as the calcium triplet λλ8498, 8542, 8662) are neces-
sary. We address the systematic difference between Bagpipes and pPXF 
measurements in section ‘Comparison of different fitting methods’.

Comparison of different fitting methods
In addition to Bagpipes, we also fitted the JWST data for the two galax-
ies with pPXF54, which is widely used in the characterization of kin-
ematics and stellar population of galaxies. Here we adopt the FSPS 
stellar library55,56 to model the same photometric and spectroscopic 
data as in the Bagpipes analysis. To estimate the uncertainties, we 
performed Monte Carlo resampling of the spectrum using the error 
vector, incorporating the noise scaling factor inferred from Bagpipes, 
and repeated the fitting 500 times. We added the model template 
broadening (σtemplate = 73 km s+1) in quadrature to recover the intrinsic 
σ*. Extended Data Fig. 6 shows the best-fitting SED model for each gal-
axy compared with the Bagpipes results. The best-fitting parameter 
values (redshift, σ* and light-weighted age) are reported in Extended 
Data Table 4. For J2236+0032, the galaxy SED model that returns from 
pPXF well agrees with that derived from Bagpipes, confirming the 
robustness of our measurements. On the other hand, the best-fitting 
σ* for J1512+4422 (σ* = 120 km s+1) is smaller than that from Bagpipes and 
is consistent with an unresolved line within its 1σ uncertainty. A part of 
the reason for this inconsistency is the limited wavelength coverage of 
the spectrum and the fact that the stellar continuum blueward of Hδ is 
not well reproduced by both codes. This possibly indicates that there 
was a large contribution from blueshifted Hδ emission. We, therefore, 
adopted the 2σ upper limit of <190 km s+1 as the σ* for J1512+4422, which 
is used in the discussions in the main text and relevant figures, instead 
of the Bagpipes results.

We also fitted the galaxies without fixing the stellar metallicity. 
In this case, we found that the metallicity uncertainty for J2236+0032 
spanned from subsolar to near-solar values, despite its rich photomet-
ric dataset, which indicates that the currently available data are not 
sufficient to constrain the stellar metallicity.

Number density of post-starburst quasar hosts at z ≈ 6
Given the redshift range (6.18 1 z 1 6.40) and absolute UV magnitude 
range (+24.0 1 MUV [mag]1 +21.5) of the SHELLQs sample in the JWST 
programme, which was drawn from the parent sample of ref. 57, the 
discovery of two post-starburst galaxies hosting quasars corresponds 
to a number density of log[n (Mpc+3)] = +8.8 ± 0.3, where the error 
reflects the Poisson uncertainty. This number density is approximately 
3 dex lower than those of massive quiescent galaxies at similar redshifts 
(log[n (Mpc

−3

)] = −5.8

+0.5

−0.8

 at z = 7.3)10, indicating that the quasar phase 
is short relative to the lifetime of massive galaxies. This difference in 
number density is even smaller than the ratio of the quasar lifetime to 
the quenching timescale (1–10 Myr versus a few 100 Myr), as discussed 
in the main text. A possible explanation is that our selection of 
quasar-hosting quiescent or quenching galaxies relies on stellar 
absorption lines, which requires A- and F-type stars to dominate the 
stellar population and the stellar continuum to remain detectable over 
the quasar continuum; consequently, our selection is probably incom-
plete. It is also possible that most quiescent galaxies at high redshift 
are not quenched by quasar activity.

Double-peak profile in Hα emission from J1512+4422
The NIRSpec data for J1512+4422 exhibit an asymmetric double-peak 
profile in broad Hα emission with the blue component stronger than 
the red component (Extended Data Fig. 2). The narrow Hα + [N %%] mul-
tiplet is observed at the wavelengths expected from its [O %%%] redshift. 
It is probable that the double-peak profile of broad Hα originates from 
nuclear scales, as [O %%%] is observed as a single line (although it shows 
some asymmetry in its wings) and there are no signs of a secondary 
AGN in the NIRCam image (Extended Data Fig. 3b).

Double-peaked broad Balmer lines in AGNs have been shown 
to arise due to the relativistic Keplerian motion of emitting gas in 
a geometrically thin and optically thick accretion disk58. Following 
the method described in ref. 59, we used the continuum-subtracted 
spectrum to fit the Hα + [N %%] multiplet with the ref. 60 circular disk 
model describing the Hα broad emission line region and a double 
Gaussian model for the narrow emission lines. We found that the 
double-peaked profile was described well by a circular accretion disk 
of inclination angle ~26 degrees from face-on with an emitting region 
extending from 50 to 3,000 gravitational radii, an emissivity versus 
radius power-law index of 1.5, turbulent broadening of 800 km s+1 
within the disk, and a single spiral arm of amplitude 7.7 (in contrast to 
the rest of the disk), a width of 40 degrees and a phase of 300 degrees. 
The best-fitting disk plus narrow emission line model is shown in 
Extended Data Fig. 2. The parameters describing the disk are typical 
of the z < 0.4 disk-emitting AGN population59. Before this discovery, 
the highest-redshift double-peak line emitter known was at z = 1.4  
(ref. 61); J1512+4422 at z = 6.18 is the new record-holder. One of the 
twelve objects in our sample shows a double peak, a fraction consistent 
with what has been reported at low redshift (3–30%)58,59,62.

We note that we cannot fully rule out the possibility of the pres-
ence of two accreting SMBHs in a single galaxy63,64 with a separation 
that is not spatially resolved in our NIRCam images. Candidate binary 
quasars have been reported with redshifts as high as z , 7 (refs. 20,65).

Ionized gas outflow
Here we present the profiles of [O %%%] λλ4960,5008 emission lines for 
the two galaxies. Extended Data Fig. 1 shows the continuum-subtracted 
NIRSpec G395M spectra of the two galaxies, with the best-fitting Gauss-
ian profiles for H2 emission lines also subtracted. Using QSOFITMORE, 
we fitted two Gaussian profiles to each doublet line: one represent-
ing the narrow ‘core’ component and the other representing the 
broad ‘wing’ component, following the method applied in previous 
studies42,66. We allowed for a velocity shift in the wing component 
relative to the core component. The line profiles of [O %%%] λ4960 and 
[O %%%] λ5008 were fixed to be the same, other than the scaling factor.

Extended Data Table 1 summarizes the [O %%%] line profile. We 
found that both J2236+0032 and J1512+4422 exhibit broad wings in 
[O %%%] with full-widths at half-maximum FWHMbroad = 2,160 ± 140 km s+1 
and 1,400 ± 80 km s+1, whereas their core components have FWH-
Mcore = 330 ± 40 km s+1 and 350 ± 10 km s+1, respectively. Such 
broad components have also been seen in other high-redshift 
quasars67,68. Velocity blueshifts are seen for these components with 
3vwing-core = +850 ± 180 km s+1 and +110 ± 20 km s+1, respectively. 
J2236+0032 shows the largest velocity offset among the full sample 
of 12 Subaru HSC quasars observed in our cycle 1 programme. These 
wing components account for 50–70% of the total [O %%%] flux. We also 
found that the [O %%%] lines of the two targets are spatially extended 
across the NIRSpec S200A2 slit, even beyond the extraction aperture 
size (6 pixels). Full analyses of the extended [O %%%] lines and their inter-
pretation will be presented in C.L.P. et al. (in preparation).

BH mass estimate
This section presents virial black hole mass measurements based on 
the broad Balmer emission lines and the decomposed quasar contin-
uum. For J2236+0032, we used the prescription of ref. 69 based on H2.  
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This single-epoch mass estimate has an intrinsic scatter of 0.4 dex, which 
is shown in Figs. 3 and 4. The H2 linewidth FWHM = 5,650 ± 160 km s+1 
and the 5,100-Å continuum luminosity L5100 = (1.78 ± 0.01) / 1045 er
g s+1 were measured from the decomposed quasar spectrum. With 
a bolometric correction70 of Lbol = 9.26L5100, the inferred bolometric 
luminosity of J2236+0032 is Lbol = (1.65 ± 0.01) / 1046 erg s+1. From these 
values, we derived an H2-based BH mass MBH = (1.1 ± 0.1) / 109 M⊙ and 
an Eddington ratio Lbol/LEdd = 0.12 ± 0.01.

The BH mass estimate of J1512+4422 is complicated by its 
double-peaked Balmer lines, which we modelled as originating from 
the accretion disk. We here present the BH mass assuming that the 
single-epoch method can be applied to double-peak emitters, although 
this assumption is not fully justified, and thus the BH mass of J1512+4422 
is uncertain. The FWHM of the broad Hα emission line from the model 
presented in Extended Data Fig. 2 is 8,590 km s+1. The line luminosity 
of broad Hα is LHα = (4.21 ± 0.03) / 1043 erg s+1. We then derived the 
Hα-based BH mass following ref. 71, which used the Hα FWHM and LHα, 
yielding MBH = 1.3 / 109 M⊙ and an Eddington ratio of 0.03. We use these 
values in the main text. We also used the prescription of ref. 69, which 
is based on H2 FWHM and monochromatic luminosity at rest frame 
5,100 Å. The continuum luminosity was measured in the same way as 
for J2236+0032, giving L5100 = (1.60 ± 0.01) / 1044 erg s+1. Using the Hα 
linewidth as a proxy for H2 FWHM results in MBH = 1.7 / 109 M⊙, like what 
we found above. The H2 line profile of J1512+4422 is different from that 
of Hα, for which we measured FWHM = 4,620 km s+1. Directly applying 
the recipe of ref. 69, we found MBH = 0.48 / 109 M⊙ and Lbol/LEdd = 0.11.  
A more detailed analysis and discussions of the BH mass estimate will 
be presented in our future papers together with our analysis of other 
HSC quasars observed in JWST cycle 1.

Data availability
The JWST data used in this paper (GO 1967 and GO 3859) can be 
accessed via the Mikulski Archive for Space Telescopes (https://doi. 
org/10.17909/mccv-p954).

Code availability
The JWST data were processed with the JWST calibration pipeline 
(https://jwst-pipeline.readthedocs.io). Public tools were used for data 
analyses: galight36 and QSOFitMORE42.
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Extended Data Fig. 1 | [O III] ionized gas profile. Left and right panels show  
the spectrum of J2230 + 0032 and J1512 + 4422, respectively (black).  
The best-fit models for the continuum, iron, and Hβ line emissions are subtracted 
for illustration purposes. The core and broad wing components modeled as 
Gaussian profiles are shown with blue and orange lines, respectively. The total 

profiles of the best-fit emission line models are shown with red lines. The rest-
frame wavelengths indicated at the top, as well as the expected locations of each 
doublet line (grey dashed lines) are based on redshifts estimated from the Balmer 
absorption lines. In the bottom panels, the residuals are shown in black lines, and 
the ± 1σ flux uncertainty at each pixel is indicated as grey shades.
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Extended Data Fig. 2 | Double-peaked Hα emission for J1512 + 4422. The 
observed Hα profile (after continuum subtraction) is shown in black. Our model 
fit based on the method presented in ref. 59 is shown as colored lines (dark blue: 

disk model, light blue: narrow lines, red: total). The wavelength and the flux 
density are presented in the rest frame. The bottom panel shows the residual 
fluxes, that is, the difference between the observed profile and the best-fit model.
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Extended Data Fig. 3 | Host galaxy detection of J2236 + 0032 (top) and J1512 + 
4422 (bottom). For each quasar, we present the original NIRCam image, the PSF-
subtracted host galaxy-only image, and the best-fit host galaxy model in a vertical 
order. Data are presented from F115W filter to F480M for J2236+0032, and F150W 

and F356W for J1512+4422. The image scale of each panel is 24 / 24, with flux 
density shown on a logarithmic scale in units of megajansky per steradian.  
Arrows in the lower left panels indicate the North and East directions.
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Extended Data Fig. 4 | NIRSpec Fixed-Slit alignment onto the host galaxies. For each galaxy, the outer rectangle indicates the S200A2 slit position and the inner 
rectangle indicates the extraction aperture of the 1D spectrum. The background images are the decomposed host images in F356W.
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Extended Data Fig. 5 | Example posterior distribution of the Bagpipes SED fitting. The top and bottom panels show J2236 + 0032, and J1512 + 4422, respectively.  
The delayed-τ SFH model is presented for each galaxy. Note that the stellar mass fitted in Bagpipes (logM

∗,formed

) represents the total formed stellar mass, from which 
the observed stellar mass (logM

∗

) is derived.
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Extended Data Fig. 6 | Comparison of spectral fitting results using two different methods. The top and bottom panels show the decomposed host spectrum  
(light blue) for J2236 + 0032 and J1512 + 4422, respectively. The best-fit models from Bagpipes (dark blue) and pPXF (orange) are overlaid. The red wing of the Hγ 
absorption of J1512 + 4422, shown as gray shade, is masked in the spectral fitting.
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Extended Data Table 1 | [O III] line profile

The [O III] redshifts are based on the core components. Δv
wing−core

 is the velocity offset of the wing component of [O III]. The negative values correspond to velocity blueshifts. Instrumental 
broadening is corrected for the line widths.
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Extended Data Table 2 | NIRCam photometry of the two quasars and their host galaxies

The Sérsic index is fixed to n = 3 for the host galaxy model in each case.
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Extended Data Table 3 | Host effective radius Reff and minor-to-major axis ratio q( = b/a) in F356W

We report the host sizes in both arcseconds and physical scale (proper kiloparsecs).

http://www.nature.com/natureastronomy


Nature Astronomy

Article https://doi.org/10.1038/s41550-025-02628-1

Extended Data Table 4 | Quasar and Host SED parameters obtained from Bagpipes and pPXF

There are two error budgets reported for the stellar mass: one from the SED fitting inference and the other (in parentheses) originating from the decomposed host galaxy photometry in 
F356W. Stellar mass uncertainties due to the choice of the IMF are not take into account. A 2σ upper limit on σ* is reported for J1512 + 4422 from the pPXF measurement (see Methods).
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