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     Key questions:
1) What is the origin of SMBHs?
2) How did BHs and galaxies interact?
3) Cosmological coevolution & high-z?

artist’s illustration [ESA/Hubble, L. Calçada (ESO)]https://en.wikipedia.org/wiki/Messier_87
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Table 2. Derived AGN Properties

ID M1450 L5100 LH↵(broad) FWHMH↵,broad MBH �Edd M? (H↵/H�)obs

(mag) (1043erg s-1) (1042erg s-1) (km s-1) (107 M�) (109 M�)
1670 -19.4±0.05 4.48±0.08 1.64±0.21 2060±290 1.3±0.4 0.15±0.04 < 6.0 3.9±0.5
3210 See text 1.67±0.16 1800±200 0.90±0.22 0.29±0.08 < 60.0 5.3±2.1
3210Av=4 See text 34.4±3.4 1800±200 4.7±1.2 3.5±0.9 < 60.0 5.3±2.1

NOTE—The BH mass for CEERS 1670 uses L5100 estimated from the photometric SED and the line width of broad H↵ (FWHMH↵,broad)
(Equation 1), while for CEERS 3210 we use FWHMH↵,broad and line luminosity of broad H↵ (Equation 2). The bolometric luminosity is also
converted from LH↵ for CEERS 3210. In the third row, we show the case when CEERS 3210 is heavily dust-reddened with AV = 4. The H↵
luminosities are reported as observed, with no correction for potential slit losses.

For CEERS 3210, if we use the observed H↵ luminosity
without an extinction correction, then the BH powering this
AGN may be comparably low-mass as CEERS 1670. How-
ever, if we assume heavy dust attenuation (AV = 4), it be-
comes a BH accreting at a rate above the Eddington limit.
In Figure 6, we show our results assuming both no extinc-
tion for the H↵ luminosity and AV = 4 with the bolometric
luminosity converted from L5100 estimated from the H↵ lu-
minosity. Adopting a more moderate level of dust extinction
inferred from the observed Balmer decrement in the NIR-
Spec spectrum (H↵/H� = 5.3; AV = 1.9), brings the bolo-
metric luminosity of the source closer to the Eddington value.
Thus, CEERS 3210 is likely in its most active mode of accre-
tion and on the way to expelling the material that currently
obscures it. Fujimoto et al. (2022) report a dust-reddened
AGN at z = 7.19, the BH mass of which is estimated to be
MBH . 108 M� based on the upper limit of its X-ray lumi-
nosity. Although not confirmed, their AGN and CEERS 3210
may be drawn from the same population of high-redshift
dust-reddened AGN. We discuss this scenario in greater de-
tail in Section 6.3 below.

6.2. Constraints on the Host Galaxy Mass of CEERS 1670

Figure 3a shows the prism spectrum and NIRCam photo-
metric flux densities of CEERS 1670. As discussed in Sec-
tion 3, the continuum spectral shape can be explained by
the low-redshift composite quasar spectrum of VB01. Since
the observed spectrum is dominated by the central AGN
contribution, it is challenging to estimate the stellar mass
of the host galaxy in a plausible way. O23 conducted the
SED fitting analysis for the photometric data using templates
of metal-poor galaxies (Inoue 2011). The best-fit model
with pure galaxy SEDs, where the quasar contribution is ne-
glected, suggests a case with metallicity Z = 0.2 Z�, stellar
age 500 Myr, star formation rate (SFR) 3.6 M� yr-1, whose
stellar mass is 1.8⇥ 109 M�. This value is considered to be
an upper bound of the stellar mass among the SED templates
O23 explored, but the true upper bound depends sensitively
on the properties of the assumed stellar population. In the
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Figure 6. The BH mass - bolometric luminosity plane. Quasar
samples at z � 5 are shown as blue and green symbols and con-
tours, while low redshift AGN are shown in black. CEERS 1670 and
CEERS 3210 have BH masses 1-2 dex below that of known high
redshift quasars and more comparable to those of typical nearby
AGN.

following, we give a robust upper bound of the stellar mass
built up in the host galaxy at z & 5, assuming the SED model
parameters that yield a high mass for the given stellar lumi-
nosity.

One advantage of focusing on z > 5 galaxies is that the
stellar age is limited to the age of the Universe, e.g., t ' 1
Gyr at z = 5.7. Although the star formation history (SFH) in
the galaxy is unconstrained, the mass-to-light ratio (M?/L?)
in the rest-frame optical and near-infrared band tends to in-
crease with time (e.g., Bell & de Jong 2001); for instance,
the M?/L? ratio in the B-band can be approximated as / t
at t ⇠ 1 Gyr when a constant star formation rate (or decay-
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CEERS 3210

z  = 5.624

CEERS 1670

z  = 5.242

Figure 2. NIRSpec spectra of sources CEERS 1670 and CEERS 3210 taken in the G395M grating with R ⇠ 1000. The 2D spectra are shown
above with extraction windows highlighted in red. Grey regions in both the 1D and 2D spectra indicate regions masked due to artifacts identified
via visual inspection. The location of several prominent emission lines are noted.

Onoue, KI, Ding+ 2023, Kocevski, Onoue, KI+ 2023

4 KOCEVSKI ET AL.

CEERS 1670

CEERS 3210

Figure 1. JWST NIRCam images of our broad-line AGN sample at z > 5 taken in the short-wavelength (F150W and F200W) and long-
wavelength (F277W, F356W, and F444W) filters. The RGB images are composed of images in the F150W, F277W, and F444W filters. All
images are 2′′ × 2′′ in size. The alignment of the NIRSpec microshutter aperture relative to each source is shown in red overtop the F444W
image.

served as a result of targeted follow-up of the AGN can-
didate CEERS-AGN-z5-1 identified by O23. CEERS 3210
was selected for observation as it was previously identified
as a candidate massive galaxy at z = 8.13 by Labbe et al.
(2022) and a potential strong-line emitter at z = 5.72 by
Pérez-González et al. (2022). NIRCam images of both
sources are shown in Figure 1, while their 1D and 2D spectra
from the G395M grating are shown in Figure 2. Our derived
redshifts, based on the [O III] λλ4960, 5008 narrow lines, for
CEERS 1670 and CEERS 3210 are z = 5.242 and z = 5.624,
respectively.

Neither source is directly detected in the deep (800 ksec)
Chandra X-ray observations of the CEERS field from the
AEGIS-XD survey (Nandra et al. 2015). However, the shape
of their SEDs, coupled with the existence of broad-line
emission in their spectra, suggest both sources host low-
luminosity AGN.

In Figure 3, we show the NIRCam photometry and NIR-
Spec prism spectrum of both CEERS 1670 and CEERS 3210.
In the case of CEERS 1670, we find the prism spectrum must
be scaled by a factor of 2× to match the NIRCam broad-
band photometry. This may be due to potential slit losses, as
CEERS 1670 sits near the edge of its microshutter slit, the
outline of which can be seen in Figure 1. We find no such
correction is needed for the CEERS 3210 prism spectrum.

As discussed by O23, the broad-band photometry of
CEERS 1670 is well reproduced by a continuum model with
a single power-law function, with the exception of filters that
are affected by strong line emission, namely F277W, F410M,
and F444M. A single power-law fit to the other four filters
yields the best-fit power-law slope αλ = −1.14 ± 0.03 (≡
d ln Fλ/d ln λ), which is consistent with a typical value for
unobscured quasars (e.g., Fan et al. 2001; Vanden Berk et al.

2001). This power-law model yields the absolute magni-
tude at rest-frame 1450 Å of M1450 = −19.44± 0.05 mag.
Likewise, the monochromatic luminosity at rest-frame 3000
Å and 5100 Å is L3000 = (4.83± 0.09)× 1043 erg s−1 and
L5100 = (4.48± 0.08)× 1043 erg s−1, respectively. We find
that a low-redshift composite spectrum of quasars (the blue
model in Figure 3a) from Vanden Berk et al. (2001, hereafter
VB01) scaled to match the photometry can explain the ob-
served spectral shape of CEERS 1670 well.

The SED of CEERS 3210 shows more complexity. The
source has a blue continuum spectrum with a UV slope of
αλ = −3.0± 0.3 at λobs # 1 − 2 µm and a very steep con-
tinuum spectrum (αλ = 1.8± 0.2) with strong Balmer and
[O III] emission lines at longer wavelengths. This steep spec-
tral slope, coupled with the broad Hα emission we detect,
suggests that this source is a heavily obscured, broad-line
AGN (e.g., Gregg et al. 2002). In Figure 3b, we overlay
the composite SED of low-redshift broad-line AGN (VB01)
reddened assuming a color excess of E(B − V ) = 0.9 and
the extinction law discussed in Calzetti et al. (2000). Note
that this model shown with the cyan curve is essentially the
same as the QSO2 SED template provided in Polletta et al.
(2006). This model traces the observed prism continuum at
λobs ! 3 µm well; however, the obscured broad-line AGN
model does not explain the blue side of the observed spec-
trum, requiring additional components at these shorter wave-
lengths. We discuss more complex SED models, including
fits using hybrid galaxy plus AGN models, in Section 6.3.

4. LINE FITTING ANALYSIS

The NIRSpec spectra of CEERS 1670 and CEERS 3210
include several prominent emission lines. The
G395M/F290LP spectrum of both sources includes strong

• A Candidate for the Least-massive Black Hole in the First 1.1 Billion Years of the Universe 
• Hidden Little Monsters: Spectroscopic Identification of Low-Mass, Broad-Line AGN at z > 5 with CEERS 

broad Hα 
emission

See also Übler+2023, Maiolino+2024, Matthee+2024, Greene+2024

5.2. Virial BH Mass Estimates

In this section, we estimate the virial BH masses of the two
broad-line AGNs assuming that their broad Hα emission
traces the kinematics of gas in the broad-line region. The
single-epoch BH mass estimation method is best calibrated
against the width of the broad Hβ emission line and the rest-
frame 5100 Å continuum luminosity (L5100) using the
reverberation mapping technique (e.g., Kaspi et al. 2000).
However, since we do not detect a broad Hβ component in
our spectra, we instead employ the BH mass relationship
proposed by Greene & Ho (2005, hereafter GH05), which
relies entirely on Hα emission. This method has been widely
used in, for example, BH mass estimates for AGNs in dwarf
galaxies (e.g., Reines et al. 2013; Baldassare et al. 2015).
This recipe is based on empirical correlations between
Balmer emission-line luminosities and L5100 and between
the line widths of Hβ and Hα.

In terms of the broad Hα line width and L5100, the BH mass
formula is expressed as

⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠ 1M M
L

5.04 10
10 erg s

FWHM
10 km s

.BH
6 5100

44 1

0.64
H

3 1

2.06

( )= ´ a
- -

This equation is based on the formula of Kaspi et al. (2000) for
Hβ with the Hβ line width substituted with that of Hα
(Equation (3) of GH05). It is important to note that this
equation assumes that the 5100 Å continuum luminosity is
dominated by light from the AGN. Alternatively, we can
directly apply the virial BH mass recipe of GH05, which is
based on the broad Hα line width and luminosity:

⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠ 2M
L

M2.0 10
10 erg s

FWHM
10 km s

.BH
6 H

42 1

0.55
H

3 1

2.06

( )= ´ a a
- -

First, we use the line width of the broad Hα component
detected in our NIRSpec spectroscopy, corrected for the

Figure 4. The rest-frame spectra (black histograms) and associated uncertainty (gray error bars) of both sources in regions with emission-line features. Red lines show
the best-fit Gaussians for narrow emission lines, and the blue line shows the best-fit broad component for Hα, which have an FWHM of 2060 ± 286 km s−1 and
1802 ± 204 km s−1 for CEERS 2782 and CEERS 746, respectively.
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Table 2. Derived AGN Properties

ID M1450 L5100 LH↵(broad) FWHMH↵,broad MBH �Edd M? (H↵/H�)obs

(mag) (1043erg s-1) (1042erg s-1) (km s-1) (107 M�) (109 M�)
1670 -19.4±0.05 4.48±0.08 1.64±0.21 2060±290 1.3±0.4 0.15±0.04 < 6.0 3.9±0.5
3210 See text 1.67±0.16 1800±200 0.90±0.22 0.29±0.08 < 60.0 5.3±2.1
3210Av=4 See text 34.4±3.4 1800±200 4.7±1.2 3.5±0.9 < 60.0 5.3±2.1

NOTE—The BH mass for CEERS 1670 uses L5100 estimated from the photometric SED and the line width of broad H↵ (FWHMH↵,broad)
(Equation 1), while for CEERS 3210 we use FWHMH↵,broad and line luminosity of broad H↵ (Equation 2). The bolometric luminosity is also
converted from LH↵ for CEERS 3210. In the third row, we show the case when CEERS 3210 is heavily dust-reddened with AV = 4. The H↵
luminosities are reported as observed, with no correction for potential slit losses.

For CEERS 3210, if we use the observed H↵ luminosity
without an extinction correction, then the BH powering this
AGN may be comparably low-mass as CEERS 1670. How-
ever, if we assume heavy dust attenuation (AV = 4), it be-
comes a BH accreting at a rate above the Eddington limit.
In Figure 6, we show our results assuming both no extinc-
tion for the H↵ luminosity and AV = 4 with the bolometric
luminosity converted from L5100 estimated from the H↵ lu-
minosity. Adopting a more moderate level of dust extinction
inferred from the observed Balmer decrement in the NIR-
Spec spectrum (H↵/H� = 5.3; AV = 1.9), brings the bolo-
metric luminosity of the source closer to the Eddington value.
Thus, CEERS 3210 is likely in its most active mode of accre-
tion and on the way to expelling the material that currently
obscures it. Fujimoto et al. (2022) report a dust-reddened
AGN at z = 7.19, the BH mass of which is estimated to be
MBH . 108 M� based on the upper limit of its X-ray lumi-
nosity. Although not confirmed, their AGN and CEERS 3210
may be drawn from the same population of high-redshift
dust-reddened AGN. We discuss this scenario in greater de-
tail in Section 6.3 below.

6.2. Constraints on the Host Galaxy Mass of CEERS 1670

Figure 3a shows the prism spectrum and NIRCam photo-
metric flux densities of CEERS 1670. As discussed in Sec-
tion 3, the continuum spectral shape can be explained by
the low-redshift composite quasar spectrum of VB01. Since
the observed spectrum is dominated by the central AGN
contribution, it is challenging to estimate the stellar mass
of the host galaxy in a plausible way. O23 conducted the
SED fitting analysis for the photometric data using templates
of metal-poor galaxies (Inoue 2011). The best-fit model
with pure galaxy SEDs, where the quasar contribution is ne-
glected, suggests a case with metallicity Z = 0.2 Z�, stellar
age 500 Myr, star formation rate (SFR) 3.6 M� yr-1, whose
stellar mass is 1.8⇥ 109 M�. This value is considered to be
an upper bound of the stellar mass among the SED templates
O23 explored, but the true upper bound depends sensitively
on the properties of the assumed stellar population. In the
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Figure 6. The BH mass - bolometric luminosity plane. Quasar
samples at z � 5 are shown as blue and green symbols and con-
tours, while low redshift AGN are shown in black. CEERS 1670 and
CEERS 3210 have BH masses 1-2 dex below that of known high
redshift quasars and more comparable to those of typical nearby
AGN.

following, we give a robust upper bound of the stellar mass
built up in the host galaxy at z & 5, assuming the SED model
parameters that yield a high mass for the given stellar lumi-
nosity.

One advantage of focusing on z > 5 galaxies is that the
stellar age is limited to the age of the Universe, e.g., t ' 1
Gyr at z = 5.7. Although the star formation history (SFH) in
the galaxy is unconstrained, the mass-to-light ratio (M?/L?)
in the rest-frame optical and near-infrared band tends to in-
crease with time (e.g., Bell & de Jong 2001); for instance,
the M?/L? ratio in the B-band can be approximated as / t
at t ⇠ 1 Gyr when a constant star formation rate (or decay-
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z  = 5.242

Figure 2. NIRSpec spectra of sources CEERS 1670 and CEERS 3210 taken in the G395M grating with R ⇠ 1000. The 2D spectra are shown
above with extraction windows highlighted in red. Grey regions in both the 1D and 2D spectra indicate regions masked due to artifacts identified
via visual inspection. The location of several prominent emission lines are noted.
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CEERS 1670

CEERS 3210

Figure 1. JWST NIRCam images of our broad-line AGN sample at z > 5 taken in the short-wavelength (F150W and F200W) and long-
wavelength (F277W, F356W, and F444W) filters. The RGB images are composed of images in the F150W, F277W, and F444W filters. All
images are 2′′ × 2′′ in size. The alignment of the NIRSpec microshutter aperture relative to each source is shown in red overtop the F444W
image.

served as a result of targeted follow-up of the AGN can-
didate CEERS-AGN-z5-1 identified by O23. CEERS 3210
was selected for observation as it was previously identified
as a candidate massive galaxy at z = 8.13 by Labbe et al.
(2022) and a potential strong-line emitter at z = 5.72 by
Pérez-González et al. (2022). NIRCam images of both
sources are shown in Figure 1, while their 1D and 2D spectra
from the G395M grating are shown in Figure 2. Our derived
redshifts, based on the [O III] λλ4960, 5008 narrow lines, for
CEERS 1670 and CEERS 3210 are z = 5.242 and z = 5.624,
respectively.

Neither source is directly detected in the deep (800 ksec)
Chandra X-ray observations of the CEERS field from the
AEGIS-XD survey (Nandra et al. 2015). However, the shape
of their SEDs, coupled with the existence of broad-line
emission in their spectra, suggest both sources host low-
luminosity AGN.

In Figure 3, we show the NIRCam photometry and NIR-
Spec prism spectrum of both CEERS 1670 and CEERS 3210.
In the case of CEERS 1670, we find the prism spectrum must
be scaled by a factor of 2× to match the NIRCam broad-
band photometry. This may be due to potential slit losses, as
CEERS 1670 sits near the edge of its microshutter slit, the
outline of which can be seen in Figure 1. We find no such
correction is needed for the CEERS 3210 prism spectrum.

As discussed by O23, the broad-band photometry of
CEERS 1670 is well reproduced by a continuum model with
a single power-law function, with the exception of filters that
are affected by strong line emission, namely F277W, F410M,
and F444M. A single power-law fit to the other four filters
yields the best-fit power-law slope αλ = −1.14 ± 0.03 (≡
d ln Fλ/d ln λ), which is consistent with a typical value for
unobscured quasars (e.g., Fan et al. 2001; Vanden Berk et al.

2001). This power-law model yields the absolute magni-
tude at rest-frame 1450 Å of M1450 = −19.44± 0.05 mag.
Likewise, the monochromatic luminosity at rest-frame 3000
Å and 5100 Å is L3000 = (4.83± 0.09)× 1043 erg s−1 and
L5100 = (4.48± 0.08)× 1043 erg s−1, respectively. We find
that a low-redshift composite spectrum of quasars (the blue
model in Figure 3a) from Vanden Berk et al. (2001, hereafter
VB01) scaled to match the photometry can explain the ob-
served spectral shape of CEERS 1670 well.

The SED of CEERS 3210 shows more complexity. The
source has a blue continuum spectrum with a UV slope of
αλ = −3.0± 0.3 at λobs # 1 − 2 µm and a very steep con-
tinuum spectrum (αλ = 1.8± 0.2) with strong Balmer and
[O III] emission lines at longer wavelengths. This steep spec-
tral slope, coupled with the broad Hα emission we detect,
suggests that this source is a heavily obscured, broad-line
AGN (e.g., Gregg et al. 2002). In Figure 3b, we overlay
the composite SED of low-redshift broad-line AGN (VB01)
reddened assuming a color excess of E(B − V ) = 0.9 and
the extinction law discussed in Calzetti et al. (2000). Note
that this model shown with the cyan curve is essentially the
same as the QSO2 SED template provided in Polletta et al.
(2006). This model traces the observed prism continuum at
λobs ! 3 µm well; however, the obscured broad-line AGN
model does not explain the blue side of the observed spec-
trum, requiring additional components at these shorter wave-
lengths. We discuss more complex SED models, including
fits using hybrid galaxy plus AGN models, in Section 6.3.

4. LINE FITTING ANALYSIS

The NIRSpec spectra of CEERS 1670 and CEERS 3210
include several prominent emission lines. The
G395M/F290LP spectrum of both sources includes strong
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broad Hα 
emission

for stellar SEDs, and include nebular emission from the
photoionization models of Cloudy (Byler et al. 2017). We
assume the Chabrier (2003) stellar initial mass function (IMF)
of 0.1–100Me, the intergalactic medium (IGM) attenuation
model of Madau (1995), the Calzetti et al. (2000) dust

attenuation law, and a fixed metallicity of 0.2 Ze. We choose a
flexible star formation history as adopted in Harikane et al.
(2023) with a continuity prior. The estimated stellar masses
are presented in Table 3. The systematic uncertainty on
the stellar mass due to the fixed prior is typically ∼0.2 dex
(Leja et al. 2019), which is smaller than the statistical
uncertainty. For sources whose host galaxies are not seen (i.e.,

Figure 11. Relation between the bolometric luminosity (Lbol) and black hole mass (MBH). The blue symbols show previous measurements for quasars at z > 4 (square:
Onoue et al. 2019 and Matsuoka et al. 2019, circle: Shen et al. 2019, triangle: Willott et al. 2010a, cross: Trakhtenbrot et al. 2011). Our AGNs at z = 4–7 identified
with JWST/NIRSpec (the red and magenta diamonds) occupy a unique parameter space with lower Lbol and MBH, distinct from the quasars previously identified with
ground-based telescopes. The red open symbols show faint AGNs identified with JWST/NIRSpec observations (star: Übler et al. 2023, square: Larson et al. 2023,
circle: Maiolino et al. 2023, cross: Kokorev et al. 2023). The green and gray contours show the low-redshift AGNs at z = 1–2 (Shen et al. 2019) and z < 0.35 (Liu
et al. 2019). The dashed lines show the bolometric luminosities with the Eddington ratios of λEdd = Lbol/LEdd = 1.0, 0.1, and 0.01.

Figure 12. Examples of the AGN-host decomposition analysis. The top and
bottom panels show the images of CEERS_01665 and CEERS_01236 in the
F606W and F150W bands, respectively. The left, middle, and right panels
show the observed images, models, and residuals, respectively. CEERS_01665
(CEERS_01236) is well fitted by a model with one PSF and the Sérsic profile
(2 × PSF and the Sérsic profile).

Table 3
Stellar Mass of Host Galaxies

Name Mlog * Fitting
(Me)

CEERS_01244 8.63 1.03
0.63

-
+ PSF+Sérsic

GLASS_160133a <8.82 L
GLASS_150029 9.10 0.37

0.31
-
+ PSF+Sérsic

CEERS_00746 <9.11 PSF
CEERS_01665 9.92 0.68

0.51
-
+ PSF+Sérsic

CEERS_00672 <9.01 PSF
CEERS_02782 <9.35 PSF
CEERS_00397 9.36 0.45

0.36
-
+ PSF+Sérsic

CEERS_00717 9.61 1.18
0.77

-
+ PSF+Sérsic

CEERS_01236 8.94 0.54
0.29

-
+ 2 × PSF + Sérsic

Note.
a We cannot obtain a reasonable fitting solution for GLASS_160133. Thus, we
use the stellar mass estimated from the SED fitting to total lights as the upper
limit for this object.
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M∙ ≃ 106−8 M⊙

See also Übler+2023, Maiolino+2024, Matthee+2024, Greene+2024

5.2. Virial BH Mass Estimates

In this section, we estimate the virial BH masses of the two
broad-line AGNs assuming that their broad Hα emission
traces the kinematics of gas in the broad-line region. The
single-epoch BH mass estimation method is best calibrated
against the width of the broad Hβ emission line and the rest-
frame 5100 Å continuum luminosity (L5100) using the
reverberation mapping technique (e.g., Kaspi et al. 2000).
However, since we do not detect a broad Hβ component in
our spectra, we instead employ the BH mass relationship
proposed by Greene & Ho (2005, hereafter GH05), which
relies entirely on Hα emission. This method has been widely
used in, for example, BH mass estimates for AGNs in dwarf
galaxies (e.g., Reines et al. 2013; Baldassare et al. 2015).
This recipe is based on empirical correlations between
Balmer emission-line luminosities and L5100 and between
the line widths of Hβ and Hα.

In terms of the broad Hα line width and L5100, the BH mass
formula is expressed as

⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠ 1M M
L

5.04 10
10 erg s

FWHM
10 km s

.BH
6 5100

44 1

0.64
H

3 1

2.06

( )= ´ a
- -

This equation is based on the formula of Kaspi et al. (2000) for
Hβ with the Hβ line width substituted with that of Hα
(Equation (3) of GH05). It is important to note that this
equation assumes that the 5100 Å continuum luminosity is
dominated by light from the AGN. Alternatively, we can
directly apply the virial BH mass recipe of GH05, which is
based on the broad Hα line width and luminosity:

⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠ 2M
L

M2.0 10
10 erg s

FWHM
10 km s

.BH
6 H

42 1

0.55
H

3 1

2.06

( )= ´ a a
- -

First, we use the line width of the broad Hα component
detected in our NIRSpec spectroscopy, corrected for the

Figure 4. The rest-frame spectra (black histograms) and associated uncertainty (gray error bars) of both sources in regions with emission-line features. Red lines show
the best-fit Gaussians for narrow emission lines, and the blue line shows the best-fit broad component for Hα, which have an FWHM of 2060 ± 286 km s−1 and
1802 ± 204 km s−1 for CEERS 2782 and CEERS 746, respectively.
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resulting number densities of DCBH seeds and their
descendants (e.g., A. Trinca et al. 2022; H. Hu et al. 2025;
J. Jeon et al. 2025b). In turn, any !rm limits on the DCBH
abundance would signi!cantly constrain the formation scenar-
ios, as could be accomplished by linking the DCBH seeding
pathway to a subset of the observed LRD population.

Some studies have suggested that the conditions required to
form DCBH seeds are too rare for this channel to account for
the majority of the SMBHs being detected by JWST (e.g.,
A. K. Bhowmick et al. 2024), whereas others argue for less
restrictive conditions (e.g., S. Chon & K. Omukai 2025).
However, observations suggest that ultradense star clusters
may be common or even ubiquitous in high-redshift galaxies
(A. Adamo et al. 2024; S. Fujimoto et al. 2024; L. Mowla
et al. 2024), providing a promising additional heavy-seeding
mechanism.

Furthermore, the heavy-seed explanation is not the only way
to produce CAPERS-LRD-z9’s black hole mass by z= 9.288.
Allowing (even mild) super-Eddington accretion with a stellar
remnant seed can also reproduce the black hole mass of
CAPERS-LRD-z9. For example, in Figure 6, we show that a
102M⊙ stellar remnant formed at z= 30 growing at an average
Eddington ratio of 1.85 after a 100 Myr delay in starting
accretion can easily reproduce the black hole mass of
CAPERS-LRD-z9. In reality, we expect that super-Eddington
accretion occurs in short bursts (e.g., E. Takeo et al. 2020;

H. Suh et al. 2025). However, we plot the simpli!ed average
Eddington ratio growth curve here for visual clarity.

5.2. A Dense Gas Origin?

As referenced in Section 1, the “dense gas” model of LRDs
has garnered signi!cant attention in the literature in recent
months. This model, introduced by K. Inayoshi & R. Maiolino
(2025), has recently been applied to two newly discovered
LRDs—MoM-BH*-1 at z= 7.76 (R. P. Naidu et al. 2025) and
RUBIES-UDS-154183 at z= 3.55 (A. de Graaff et al. 2025)—
as well as the triply imaged z= 7.04 LRD A2744-QSO1
(L. J. Furtak et al. 2024; X. Ji et al. 2025). We plot these
objects, and the z= 4.47 LRD (UNCOVER-45924) from
I. Labbe et al. (2024), in Figure 7. All spectra are normalized
to the spectrum of CAPERS-LRD-z9 at rest-frame 0.51 µm.
All of these objects are notable for their strong Balmer

breaks, which, in the cases of MoM-BH*-1 and RUBIES-
UDS-154183, were insuf!ciently !t by evolved stellar
populations (A. de Graaff et al. 2025; R. P. Naidu et al.
2025). The Balmer breaks and SEDs of both objects were
better !t by invoking the dense gas model of K. Inayoshi &
R. Maiolino (2025). Similarly, while another object—A2744-
45924—can be !t with a stellar model, the implied stellar mass
is large (∼1011M⊙) and in tension with the Atacama Large
Millimeter/submillmeter Array dynamical mass measurement
of ∼109M⊙ (H. B. Akins et al. 2025b).
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Figure 6. Redshifts and black hole masses of CAPERS-LRD-z9 (red star; canonical errors are shown in black, systematic upper and lower limits are shown in gray),
populations of z ≳ 6 quasars (small blue points; K. Inayoshi et al. 2020; X. Fan et al. 2023; R. Maiolino et al. 2024), notable massive z > 6 spectroscopically
con!rmed BLAGN (!lled symbols; V. Kokorev et al. 2023; R. L. Larson et al. 2023; L. J. Furtak et al. 2024; R. Tripodi et al. 2024; H. B. Akins et al. 2025a; X. Lin
et al. 2025; R. P. Naidu et al. 2025), and the highest-redshift AGN detected through X-ray emission and high-ionization UV emission lines, respectively (open
symbols; A. J. Bunker et al. 2023; A. D. Goulding et al. 2023; O. E. Kovács et al. 2024; L. Napolitano et al. 2024). We also show the growth of 102 M⊙ (blue
shading) and 104M⊙ (red shading) black hole seeds growing at the Eddington limit. We also show the growth track of a 102M⊙ stellar remnant formed at z = 30 that
starts accreting at 1.85× the Eddington limit 100 Myr after formation (dark blue dashed curve). CAPERS-LRD-z9’s black hole is too massive to be the result of an
Eddington-limited stellar seed; thus, a stellar remnant light seed undergoing periods of super-Eddington accretion or a heavy seed are necessary to produce CAPERS-
LRD-z9’s black hole by z = 9.288.
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Collapsing
protogalaxy 

Pop III BHs
20 < M/M☉< 140

GW recoils

Radiation feedback

Prior star
formation

Pristine gas

Yes

Runaway
collisions

If N* > Ncrit

First galaxies

SMS

No

1

2

4

3

Minihalo
Tvir < 104 K~

Atomic-cooling halo
Tvir > 104 K~

Star formation
(H2 cooling)

No H2 cooling

JLW > Jcrit
High vbsm

Rapid merger

Hyper-Eddington accretion
M >> MEdd
• •

101–2 M☉

105–6 M☉

103–4 M☉

Figure 3
Formation pathways of seed BHs in early protogalaxies: !1 Pop III remnant BHs with a mass ofM• ≈ 101–2 M!, !2 massive seed BHs
withM• ≈ 105–6 M! in ACHs under peculiar conditions such as strong LW radiation ( JLW > Jcrit), high baryon-DM streaming
velocity, and rapid mergers of DM halos, and !3 relatively massive seeds withM• ≈ 103–4 M! via runaway collisions in ultradense stellar
clusters. !4 Hyper-Eddington accretion onto stellar-mass BHs (Ṁ• " ṀEdd) would effectively result in a massive seed at the center of a
dense pristine gas cloud. Abbreviations: ACH, atomic-cooling halo; BH, black hole; DM, dark matter; GW, gravitational wave; LW,
Lyman–Werner; Pop III, Population III; SMS, supermassive star.

motivated by the natural availability of stellar-mass BHs in the early Universe, left behind by
the !rst generation of stars. As we argue, it is possible for BHs to grow at highly super-Eddington
rates, which represents one of the pathways for rapid BH assembly in the early Universe. These
pathways are illustrated in Figure 3, along with other possibilities that will be discussed in the
sections below. However, we emphasize that no self-consistent calculation to date has included all
the necessary multi-scale physics and followed the BH growth over several orders of magnitude
in mass.We !rst focus on the basic underlying physics (Section 3.1) and then discuss applications
to the high-z Universe (Section 3.2 and Section 3.3).

For convenience, Figure 4 illustrates the structure of accretion "ows onto a BH embedded in
a protogalaxy. The characteristic physical scales and mechanisms relevant to the discussions below
are listed in Table 3 (with their de!nitions and !ducial values).

3.1. Growing Black Holes by Accretion: Is There an Eddington Limit?
Assuming that high-z SMBHs grow mostly via rapid gas accretion and radiate ∼10% of the rest
mass energy of accretingmatter, as low-z quasars do on average (Soltan 1982,Yu&Tremaine 2002,
Ueda et al. 2003), the outward radiation pressure force on the infalling gas, through electron scat-
tering, matches the inward gravitational force at the critical accretion rate of ṀEdd ≡ 10 LEdd/c2,
where LEdd = 4π cGM•/κes is the Eddington luminosity.3 If accretion is limited to this rate, the

3This de!nition includes a !ducial factor of 10, which assumes a radiative ef!ciency of 10%.We employ this
de!nition throughout this review, but we caution the reader that an equally common de!nition in the literature
is ṀEdd ≡ LEdd/c2, i.e., excluding this factor.
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instability if the gravitational collapse is delayed, a process possi-
ble due to turbulence generated during the virialization of the halo.
If the thermal instability occurs, the cloud can fragment into many
smaller mass clumps instead of forming a single SMS. We therefore
simulate the collapse to determine the likelihood of the outcome be-
ing a monolithic collapse to a single star or fragmentation into a
binary or multiple member system.

2 M E T H O D O L O G Y

We performed a three-dimensional hydrodynamical simulation of
the gravitational collapse of a primordial-gas cloud using the adap-
tive mesh refinement code, ENZO (Bryan et al. 2014). Our main
purpose is to investigate the gas dynamics over a wide range
of the densities (10−21 ! ρ ! 10−7 g cm−3). The cloud initially
has a spherically symmetric density profile enhanced by a fac-
tor f (=1.6) above the critical Bonnor–Ebert (BE) distribution, an
isothermal sphere embedded in a pressurized medium and supported
in marginal hydrostatic equilibrium against gravitational collapse.
According to cosmological simulations (e.g. Wise et al. 2008), at
the centre of a first galaxy with virial temperature "104 K, forming
in an environment where the H2 formation is suppressed, a warm
(T ∼ 8000 K) cloud with ∼105 M# becomes gravitationally unsta-
ble at ρ ∼ 10−20 g cm−3 and collapses. Based on this, we set the
central density and temperature of the cloud to ρc = 1.67 × 10−20 g
cm−3 and T = 8000 K, giving a mass and radius of 1.17 × 105 M#
and 10.8 pc, respectively. Although we here do not impose an exter-
nal FUV radiation, H2 is collisionally dissociated for ρ " 10−20 g
cm−3 and T " 6000 K. Note that we neglect the dark-matter grav-
ity since the cloud is already bound by the self-gravity of its gas.
Our simulation box size is (50 pc)3 and refinement is controlled by
insisting that one Jeans length is resolved by at least 64 grid cells
(e.g. Turk et al. 2012). Under this condition, the simulation uses 23
out of the allowed 25 refinement levels, ensuring we are resolved
by the above criteria at all times and giving a limiting resolution of
!0.1 au.

The development of turbulence in the central region of forming
first galaxies has been suggested by numerical simulations (e.g.
Wise & Abel 2007; Greif et al. 2008). In the initial phase of col-
lapse with ∼10−20 g cm−3, the turbulence is still subsonic in the
cloud. To consider the density and velocity perturbations due to the
turbulence, we initially impose a subsonic velocity field (the root
mean square of the velocity is set to 0.1cs) with power spectrum
P(k) ∝ k−4, which corresponds to the so-called Larson’s law for
the contemporary star-forming regions (Larson 1981). To ensure
that the turbulence is adequately resolved, we select the maximum
k-mode value of 1/10 of the number of cells across the cloud.

We consider the non-equilibrium primordial chemistry of 9
species (H, H2, e−, H+, H+

2 , H−, He, He+, and He++) and 13 hy-
drogen reactions selected to reproduce the correct thermal/chemical
evolution of the warm atomic-cooling cloud (reactions 3, 4, 7−10,
12, 15−18, 28, and 32 in table 2 of Omukai 2001). We adopt
the reaction rate coefficients updated by the following studies: 7–
10 (Coppola et al. 2011), 15 (Martin, Schwarz & Mandy 1996),
17 (Stibbe & Tennyson 1999), and 28 (Ferland et al. 1992). The
four helium reactions originally included in ENZO are also present,
although they are not relevant in our calculation. We initially as-
sume a uniform distribution of ionization degree with 10−4 and H2

molecular fraction with 10−7, respectively (e.g. Shang et al. 2010).
At high density, the chemical reactions proceed faster than the cloud
collapse and chemical equilibrium is achieved. To smoothly con-
nect the non-equilibrium chemistry to that of equilibrium, we solve

the chemical network including both the forward and reverse re-
actions for dominant processes. To solve the chemistry equations,
we employ the piecewise exact solution method (Inoue & Inutsuka
2008) instead of the original ENZO solver, which cannot follow the
chemical evolution with high enough density to reach the chemical
equilibrium. For the radiative cooling, we consider atomic cool-
ing (H Lyα, two-photon emission, and H− free–bound, free–free
emission) and H2 cooling (rovibrational line and collision-induced
emission). We also include the suppression of the cooling rate in the
optically thick case by using the optical depth estimated as ρκLc

(e.g. Omukai 2001; Shang et al. 2010), where κ includes the H2-line
opacity and the Rosseland mean opacity considering the H Rayleigh
scattering, the H2 collision-induced absorption, and the H− bound-
free and free–free absorption, and Lc the size of the central core,
which is approximately given by the Jeans length for the spherically
symmetric cloud in the runaway collapse. Finally, note that we do
not include the heating/cooling associated with the chemical reac-
tions because their effect is negligible during the thermal evolution
of the atomic-cooling clouds.

3 R ESULTS

Fig. 1 shows the density distribution at the end of the simulation,
where the central density reaches ∼10−7 g cm−3, for four different
spatial scales; from the top-left clockwise, large-scale gas distri-
bution (∼1 pc), the collapsing core (∼0.1 pc), the central ∼100 au
region, and the protostar formed at the centre (∼10 au). The central
portion of the cloud undergoes the runaway collapse. The turbu-
lence forms filamentary structures that channel material into the
central region (ρ ∼ 10−8 g cm−3), feeding the protostar. The left-
bottom panel presents the density distribution around the protostar.
At the end of this simulation, the protostellar mass reaches &1 M#
and its radius &2 au. These values are consistent with the result
of the stellar-structure calculation by Hosokawa et al. (2012), who
assumed a steady and spherical accretion.

Fig. 2 shows the evolution of mass-weighted radial profiles of
(a) density, (b) temperature, and (c) H2 fraction. During collapse,

Figure 1. Density distribution in the plane through the density peak for
four spatial scales: from top-left, clockwise: the large-scale gas distribu-
tion (∼1 pc), a collapsing core by the H− free–bound continuum cooling
(∼0.1 pc), the central region around the protostar (∼100 au), and the final
protostar (∼10 au).
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that the accreted mass is comparable to that contained within the
gaseous core in the initial state (r r0).

It is worth mentioning that all of the cases in Figure 5
experience the transitions to rapid accretion exceeding the
Eddington rate. As described in Figure 4, the transition is induced
by continuous accretion of neutral gas whose inward ram pressure
pushes the ionization front (hereafter, I-front). In Section 4, we
quantify the conditions required for the onset of rapid mass
accretion. On the contrary, when the central density is lower than
nc∼ 102 cm−3 (model: B7T5N2), the ionized region quickly
reaches the core radius r0. Since the density follows ρ∝ r−2

outside the core, the I-front expands farther at speeds faster than
the sound speed of ionized gas without disturbing the density
structure (the so-called R-type I-front), and the entire cloud is
ionized (e.g., Kitayama et al. 2004; Whalen & Norman 2006). In
this case, therefore, the transition to rapid mass accretion does not
occur.

3.2.2. Bulge Mass Må

Figure 6 shows the time evolution of the mass accretion rate
with four different bulge masses at 0�Må/Me� 107. In

Figure 7, we also present the density distribution for the two
cases of Må= 0 (no bulge) and 106.5Me around the epochs
when the simulations terminate, respectively.
Without the bulge component, the accretion rate shows multiple

bursts with a period of; 0.6 Myr, and the time-averaged rate
is significantly below the Eddington value; namely M• á ñ

M0.2 Edd . In this case, the I-front initially propagates up to
∼25 pc and heats the ambient gas outside the BH influence radius
rB; 5 pc. Within the hot ionized gas, the BH’s gravity accelerates
the inflow within a new sonic point in the hot region (;0.4 pc for
T; 105 K), while the gas pressure (and partially the radiation
pressure force) pushes the gas outwards at r 1 pc, and the mass
accretion rate is suppressed. In the quiescent phases, although the
gas is in thermal-pressure equilibrium against the BH gravity, the
mass depletion owing to BH feeding reduces the outward pressure
gradient force. As a result, the dense shell surrounding the ionized
gas accretes to the BH and leads to burst-like accretion again. The
overall behavior of mass accretion is consistent with previous
RHD simulations where the BH is assumed to be embedded in a
uniform density distribution (e.g., Ciotti & Ostriker 2001;
Milosavljević et al. 2009; Park & Ricotti 2011, 2012; Inayoshi
et al. 2016; Park et al. 2017). In our case, where the gas density

Figure 3. Distribution of the gas density for the fiducial case at the six elapsed times denoted by open circles in Figure 2. In each panel, the location of the ionization front
where the neutral fraction is xHI = 0.95 (thin contours), and the velocity vectors are overlaid. In the first two panels, (a) and (b), the velocity vectors with |v|� 30 km s−1 are
shown. At the early stage (t < 1.6 Myr; phases (a)–(c)), the intense inflows of neutral gas lead to collapse of the ionized region and form a dense gaseous accretion disk within
the BH influence radius. In the late stage (t > 1.6 Myr; phases (d)–( f )), the disk feeds the BH at rates of MEdd  , and the bipolar outflows driven by radiation decrease the gas
supplying rate from larger radii. Movies of this simulation are available at https://www.youtube.com/playlist?list=PLqDrKvxmu0l4fyJ74u5ZYyQ8PmwuNZA32.
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that the accreted mass is comparable to that contained within the
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It is worth mentioning that all of the cases in Figure 5
experience the transitions to rapid accretion exceeding the
Eddington rate. As described in Figure 4, the transition is induced
by continuous accretion of neutral gas whose inward ram pressure
pushes the ionization front (hereafter, I-front). In Section 4, we
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the sound speed of ionized gas without disturbing the density
structure (the so-called R-type I-front), and the entire cloud is
ionized (e.g., Kitayama et al. 2004; Whalen & Norman 2006). In
this case, therefore, the transition to rapid mass accretion does not
occur.

3.2.2. Bulge Mass Må

Figure 6 shows the time evolution of the mass accretion rate
with four different bulge masses at 0�Må/Me� 107. In

Figure 7, we also present the density distribution for the two
cases of Må= 0 (no bulge) and 106.5Me around the epochs
when the simulations terminate, respectively.
Without the bulge component, the accretion rate shows multiple

bursts with a period of; 0.6 Myr, and the time-averaged rate
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M0.2 Edd . In this case, the I-front initially propagates up to
∼25 pc and heats the ambient gas outside the BH influence radius
rB; 5 pc. Within the hot ionized gas, the BH’s gravity accelerates
the inflow within a new sonic point in the hot region (;0.4 pc for
T; 105 K), while the gas pressure (and partially the radiation
pressure force) pushes the gas outwards at r 1 pc, and the mass
accretion rate is suppressed. In the quiescent phases, although the
gas is in thermal-pressure equilibrium against the BH gravity, the
mass depletion owing to BH feeding reduces the outward pressure
gradient force. As a result, the dense shell surrounding the ionized
gas accretes to the BH and leads to burst-like accretion again. The
overall behavior of mass accretion is consistent with previous
RHD simulations where the BH is assumed to be embedded in a
uniform density distribution (e.g., Ciotti & Ostriker 2001;
Milosavljević et al. 2009; Park & Ricotti 2011, 2012; Inayoshi
et al. 2016; Park et al. 2017). In our case, where the gas density

Figure 3. Distribution of the gas density for the fiducial case at the six elapsed times denoted by open circles in Figure 2. In each panel, the location of the ionization front
where the neutral fraction is xHI = 0.95 (thin contours), and the velocity vectors are overlaid. In the first two panels, (a) and (b), the velocity vectors with |v|� 30 km s−1 are
shown. At the early stage (t < 1.6 Myr; phases (a)–(c)), the intense inflows of neutral gas lead to collapse of the ionized region and form a dense gaseous accretion disk within
the BH influence radius. In the late stage (t > 1.6 Myr; phases (d)–( f )), the disk feeds the BH at rates of MEdd  , and the bipolar outflows driven by radiation decrease the gas
supplying rate from larger radii. Movies of this simulation are available at https://www.youtube.com/playlist?list=PLqDrKvxmu0l4fyJ74u5ZYyQ8PmwuNZA32.
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Transient hyper-Eddington episodes drive overmassive BHs

rapid BH growing phase terminates, both the BH and host
galaxy evolve in mass and reach the observed values as high-
redshift quasars. As an example, we present the subsequent
BH/galaxy evolutionary track to a z> 6 HSC quasar (Izumi
et al. 2019) predicted by a phenomenological model (see more
details in Appendix B). In summary, seed BHs formed in high-
redshift quasar hosts can be substantially overmassive during
the early bulge assembly at z 15, and the mass ratio would
approach the ratio of M•/Må seen at z∼ 6 via the subsequent
growth.

It is worth noting that most cosmological simulations
studying the BH-galaxy coevolution concluded that seed BHs
hardly grow in mass via gas accretion because dense, cold gas
is expelled by energetic SN feedback associated with star
formation (e.g., Sijacki et al. 2009; Habouzit et al. 2017; Lupi
et al. 2019). As a result of SN feedback, BH growth is strongly
quenched until the host galaxies become heavier than
Må 109Me, whose critical stellar mass depends on the sub-
grid models for star formation, SN feedback, and AGN
feedback. There is a model parameter set for which the most
massive BHs in their simulations can reach M•; 109Me by
z∼ 6. However, the predicted shape of the M•–Må relation
shows that most of the BHs are undermassive, compared to the
local relation (e.g., Zhu et al. 2020; Valentini et al. 2021). As a
reference, the evolutionary tracks of the M•/Må ratio obtained
by Zhu et al. (2020) 17 are overlaid in Figure 11 (green curves).

As discussed in Inayoshi et al. (2020), there are important
limitations of current numerical simulations. First, most large-
scale cosmological simulations resolve the dynamics of

DM/gas/stars on galactic scales at ∼O(kpc), but they do not
resolve the BH gravitational influence radius. Second, owing to
simplified star formation models where gas particles denser
than a threshold are replaced with stars, dense clouds in the
nuclear region would be disrupted, and thus the BH growth
could be quenched as seen in many cosmological simulation
studies. In contrast, as shown in our simulations that resolve
sub-parsec scales, a fraction of seed BHs that were born in
highly biased regions of the universe with mass variance
of 3σ–4σ could be fed through dense, cold accretion flows
(see also Li et al. 2021b). Additionally, the existence of such
overmassive BHs in protogalaxies will provide us with a
unique opportunity to detect highly accreting seed BHs in the
very early universe at z> 10, unlike the undermassive BH
scenarios supported by cosmological simulations.

5.3. Young Quasars with Low Radiative Efficiencies

Our RHD simulations suggest the existence of high-redshift
quasars that accrete at super-Eddington rates and fade out on a
timescale of ∼a few megayears. The duration of such rapid
accretion is generally consistent with lifetimes of z 6 quasars
(tQ 1–10Myr), which are estimated by the measurement of
the physical extents of hydrogen Lyα proximity zones
observed in the rest-frame UV spectra (e.g., Eilers et al.
2018; Davies et al. 2019; Eilers et al. 2021). Since the inferred
quasar lifetimes are substantially shorter than the e-folding
timescale assuming Eddington-limited accretion, (tEdd º

)M M 45 Myr• Edd  , some of those z 6 quasars are
expected to undergo radiatively inefficient super-Eddington
accretion to grow up to M•∼ 109Me in such a short duration.
For instance, Davies et al. (2019) proposed that two z> 7
quasars (ULAS J1120+0641 and ULAS J1342+0928) would
have a small radiative efficiency significantly below η0; 0.1.

Figure 11. The M•–Må relation for the three simulations: B7T5N3-highSFE (red), B7T5N3 (magenta), and B6T5N3 (purple). Circle symbols show the z > 6 quasar
samples compiled by Izumi et al. (2019, 2021): brighter ones with M1450 < −25 (blue) and fainter ones with M1450 > −25 (cyan). The cross symbols are the
observational samples in the local universe provided by Kormendy & Ho (2013). Each line represents the local relation of M•/Må (black solid, with ∼1σ errors), and
the best-fit relations for the brightest z > 6 quasars by Pensabene et al. (2020). The red dotted curve presents the evolutionary track of the M•/Må ratio after rapid
accretion phases predicted by a phenomenological model (see Appendix B). As a reference, the evolutionary tracks of the M•/Må ratio obtained by cosmological
simulations (Zhu et al. 2020) are overlaid (green curves).

17 Zhu et al. (2020) have extensively investigated the effect of feedback, BH
seeding, and accretion models on the BH growth. Among their simulation
results, we show the cases where the initial BH mass is M• = 105 Me for
comparison.
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Figure 6. Host stellar mass versus BH mass for our sample of broad-line AGN at 3 < z < 7, color coded by redshift. Arrows
indicate the upper limit on the stellar masses. Grey circles show the z > 6 quasar samples compiled by Izumi et al. (2021).
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the best-fit local relationship from Kormendy & Ho (2013). The diagonal dashed lines represent ratios of MBH/M! = 0.1, 0.01,
and 0.001, as indicated. We find that our sources preferentially scatter above the local scaling relationship at higher redshifts
(z > 4).

preferentially be selected at higher redshifts in a flux-
limited survey due to observational biases, an evolving
MBH/M! ratio is supported by our forward modeling
that is designed to take such biases into account (see
§5.1).
Instead we propose the change in the MBH/M! ratio

with redshift is likely related to the increasing fraction
of LRDs in our sample at z > 4. Of the sources at z < 4,
83% (19 sources) are galaxy-dominated, non-LRDs with
extended host morphologies. Only 17% (4 sources) are
LRDs. On the other hand, at z > 4, 55% are LRDs (26
sources) with point-like morphologies. LRDs are gen-
erally faint in the UV, which is the emission that we
attribute to their host galaxies. As a result, their aver-

age host mass is ∼ 1 dex lower than that of the non-LRD
AGN in our sample. That said, even the non-LRDs do
show signs of an increasing BH to stellar mass ratio with
redshift, as also found by Durodola et al. (2025). When
we exclude the LRDs, we find that the mass ratio of the
non-LRDs at z > 4 increases by ∼ 1 dex compared to
their counterparts at 3 < z < 4. We discuss further how
the varying composition of our broad-line AGN sample
as a function of redshift impacts our findings in §6.

5.1. Evolution of the MBH −M! Relation with Redshift

In order to account for selection biases and quantify
the redshift evolution of the relationship between MBH

and M!, we applied the same MCMC model described

overmassive BHs

Data: Jones+ (2025)
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Figure 1. False color stamps of the 20 BL H↵ emitters at z = 4.2� 5.5 identified in this work ordered by their

broad-to-total H↵ luminosity ratio, from top-left to bottom-right. For the EIGER sample (J*) we used JWST imaging

data in the F115W/F200W/F356W filters, while F182M/F210M/F444W was used in the FRESCO sample (GOODS-*). We

use a high stretch to highlight colour di↵erences between various components. BL H↵ emitters stand out as red point sources.

Blue companion galaxies can be identified in a large fraction of the EIGER sample with the deepest imaging data.

3.1. Selection criteria

For a systematic search of broad line H↵ emitters, we
inspected spectra for all sources with at least one emis-
sion line in the EIGER and FRESCO data. To identify
candidate broad line emitters, we fit their emission-line
profiles with a combination of a narrow and a broad
emission-line (see §3.4 for details). We then inspect
all objects for which the broad component is identi-
fied with S/N> 5 in order to determine whether these
are consistent with being H↵ emitters at z ⇡ 5 and
whether the broad component is not included to ac-
count for the spatial extent of the object along the dis-
persion direction. In order to facilitate the determina-
tion of the origin of the broad component, we limit our-

selves to broad components with full width half max-
imum vFWHM,H↵,broad > 1000 km s�1. Finally, in or-
der to mitigate the impact of the wavelength-dependent
sensitivity of our data, we impose a conservative lower
limit to the H↵ luminosity of the broad component
LH↵,broad > 2 ⇥ 1042 erg s�1. The selection criteria
are summarised in Equation 1.

S/NH↵,broad > 5,

LH↵,broad > 2⇥ 1042 erg s�1
,

vFWHM,H↵,broad > 1000 km s�1
.

(1)

We identify 20 BL H↵ emitters in this work, whose
false-color stamps we show in Fig. 1. The majority of
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are summarised in Equation 1.

S/NH↵,broad > 5,

LH↵,broad > 2⇥ 1042 erg s�1
,

vFWHM,H↵,broad > 1000 km s�1
.

(1)

We identify 20 BL H↵ emitters in this work, whose
false-color stamps we show in Fig. 1. The majority of

• Very compact & red sources (in JWST NIRCam)
• High redshift, abundant but transient populations
• Broad-component of Balmer lines (Ha/Hb)
• Common Balmer absorption (>20% of JWST AGN)

lines, although it is very rare (e.g., Aoki et al. 2006; Shi et al.
2016; Schulze et al. 2018). The absorption likely arises due to
neutral hydrogen with column densities around 1019 cm−2,
where Lyα trapping significantly increases the number of
hydrogen atoms with electrons in the n= 2 shell more
efficiently than collisional excitation (Hall 2007). We interpret
the origin of the detected Hα absorption therefore as high
density gas in the BL region that is outflowing/inflowing
for GOODS-N-9771/J1148-18404 (see also Shi et al. 2016;
Zhang et al. 2018). In contrast to our sample, other Balmer
absorption lines are typically found in more massive BHs
(MBH∼ 109−10Me; Schulze et al. 2018) with Balmer absorp-
tion that is often stronger and at (much) higher velocities (e.g.,
Hall et al. 2013; Williams et al. 2017).

The detection of such rare absorption features that are
relatively narrow and close to the systemic redshift opens a
promising window toward studying the early stages of
SMBH formation and feedback. These two detections can be
further confirmed when the redshifts from the narrow and

broad emission components can simultaneously be constrained
with other emission lines such as Hβ and [O III]. Detections in
other Balmer lines will improve the characterization of the
absorbing gas. Whether such dense gas clouds are common or
rare could inform us whether they are short-lived phenomena or
have low covering fractions. Among the full sample, the
objects that show absorption have among the broadest Hα lines
and are relatively red (FWHMs 2800 and 3700 km s−1,
βopt=+ 2.7 and+0.8, respectively). GOODS-N-9771 is the
brightest object in the sample with the highest BH mass, and
J1148-18404 is the object that has the brightest F356W
magnitude within the EIGER sample (despite being the UV
faintest within the sample; see Table 3). This means that we
cannot rule out that the detection of Hα absorption in these
particular objects is mainly due to their spectra having among
the highest signal-to-noise (see for example Figure 5). Deep,
high-resolution spectroscopy is required to detect or rule out
similar absorption features in other broad Hα line samples
(e.g., Maiolino et al. 2023b; Harikane et al. 2023; Kocevski
et al. 2023).

5. The Number Density of Broad Hα AGN

One of the key motivations for our systematic search for BL
Hα lines in NIRCam/WFSS data is the unbiased availability of
spectra for objects in the field of view. This allows us to
estimate the survey volume by modeling the wavelength-
dependent field of view using the grism trace models and the
mosaic designs.
In Figure 15, we show the redshift distribution of the BL Hα

emitters in comparison to the survey power of EIGER and
FRESCO, which is the combination of the redshift dependence
of the sensitivity and the volume. Despite covering
z= 3.8− 6.5, the redshift distribution is confined to
z≈ 4.2− 5.5. While shot noise with a N= 20 sample is
relatively high, this distribution is expected given that the
NIRCam grism is most sensitive around 3.9 μm as this is the
wavelength where the zodiacal background is the lowest. Due
to the NIRCam grism design, 3.9 μm is covered by the full field
of view, such that z≈ 5 is the redshift where we are most
sensitive to detect broad emission lines. As the area and

Figure 14. Detection of narrow Hα absorption close to the systemic redshift in
two BL Hα emitters. As in Figure 6, we show 2D and 1D spectra, and residuals
to the best fit with an additional absorption component on the broad line. The
inclusion of an absorption component in the fit decreases the reduced χ2

significantly; but in the case of J1148-18404, leads to strong degeneracies with
the luminosity of the narrow component due to the small redshift of the
absorption with respect to the systemic (+50 km s−1). We note the [N II]
emission is not detected at S/N >3.

Figure 15. The redshift distribution of the BL Hα sample. We compare the
redshift distribution to the expected distribution based on the so-called survey
power in the EIGER and FRESCO surveys in blue and red, respectively.
Survey power is defined as luminosity sensitivity (dashed) scaled by the
redshift dependence of the covered volume (solid).
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ABSTRACT

Little Red Dots (LRDs) are a newly identified class of active galactic nuclei (AGNs) uncovered by
JWST deep surveys. Their enigmatic properties challenge the canonical AGN paradigm and have
stimulated numerous ideas on the early formation and growth mechanisms of massive black holes
(BHs). In this review, we summarize how early BHs can shape the characteristic features of LRDs,
how their nuclear environments di↵er from those of normal AGNs, and how future observations can
distinguish between competing scenarios (AGN or stellar origins). Our main conclusions are as follows:

• LRDs show broad-line emission consistent with mass accretion onto BHs withMBH ' 106�107 M�,
suggesting that AGN activity is a plausible origin of their dominant red optical emission.

• Stellar components can reproduce the continuum energetics through dusty star formation. How-
ever, the required stellar mass would be too large to remain consistent with other key LRD prop-
erties. Therefore, a purely stellar origin is unlikely to be the dominant power source, although star
formation may still contribute to the UV emission.

• The coexistence of broad-line emission with Balmer absorption and break features on LRD spectra,
neither of which can be explained by evolved stellar populations, suggests that nuclear BHs are
enshrouded by dense gas with a high covering fraction.

• Gas-enshrouded AGNs can produce red optical spectra without requiring dust reddening through
a combination of gas attenuation and thermal self-emission with an e↵ective temperature of Te↵ '

5000 K, which also accounts for the flat infrared continuum. This scenario therefore o↵ers a
compelling explanation, although alternative interpretations are discussed in this review.

• From the spectral features and redshift evolution, LRDs are likely a transient phase in early BH
growth, possibly the first accretion episodes of newborn BHs.

• Testing models for LRD spectra and origins through exploring time variability, sources of ionizing
radiation, post-LRD objects, and low-redshift LRD analogs is particularly promising.

Keywords: High-redshift galaxies (734) — Quasars (1319) — Supermassive black holes (1663)

1. INTRODUCTION

The James Webb Space Telescope (JWST) has opened an unprecedented window into high-redshift extragalactic
astronomy. Thanks to its sensitivity and spatial/spectral resolution in the infrared (IR) bands, redshifted light from
active galactic nuclei (AGNs) powered by accreting massive black holes (BHs) can be observed in detail, o↵ering new
insights into the nature and evolution of early BHs and their host galaxies. One of the most remarkable discoveries by
JWST is a new population of AGNs known as little red dots (LRDs), compact sources with red optical continua and
broad-line emission signatures. The first spectroscopically confirmed LRD, CEERS 746 at z = 5.624, was reported
by Kocevski et al. (2023). Following this discovery, a slitless spectroscopic survey with JWST/NIRCam identified
approximately 20 similar red sources exhibiting broad H↵ emission, earning them the nickname “Little Red Dots”
(Matthee et al. 2024). Independent studies have reported additional LRDs from multiple JWST programs, including
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• Two-component scenario (e.g., unobscured galaxy + obscured AGN)
• Balmer-break like feature observed in some LRDs
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observed with JWST. After correcting for gravitational magnifications12 
of µ = 6.2A −0.2

+0.5, µ = 7.3B −1.5
+0.1 and µ = 3.5C −0.2

+0.2, this corresponds to a 1.5-µm 
continuum depth of about 31.0 AB magnitudes at 5σ, equivalent to 
integrating for more than about 1,700 h in a blank field.

The spectrum shown in Fig. 2 features several strong hydrogen emis-
sion lines—a prominent Balmer series with Hα, Hβ, Hγ and Hδ, as well 

as Lyman-α (Lyα)—along with several faint metal lines. We give a full list 
of the detected emission lines in Table 1. The broad hydrogen emission 
lines securely confirm this object at zspec = 7.0451 ± 0.0005 and provide 
unambiguous evidence that A2744-QSO1 is an AGN. The broad-line 
width is measured by fitting the Hβ line, which is the clearest and most 
isolated because Hα is situated on the edge of the detector. We thus 
find an Hβ full width at half-maximum (FWHM) of 2,800 ±  250 km s−1, 
well-resolved, even at the relatively low resolution of the prism (Fig. 2). 
These line widths are not seen in star-forming galaxies but routinely 
observed in the broad-line regions of AGN, in which gas clouds orbit the 
supermassive black hole15. An additional fit to the [O III] λ5008Å line 
shows that it is narrow and unresolved as opposed to the broad Balmer 
lines. Assuming a Small Magellanic Cloud extinction law16, the Balmer 
line ratio (Hα to Hβ) indicates a strong dust attenuation of AV = 3.0 ± 0.5. 
Note that flatter attenuation curves yield higher AV. The Atacama Large 
Millimeter/sub-millimeter Array (ALMA) 1.2 mm observations of A2744  
(ref. 17) firmly rule out dusty star formation powering the Balmer 
lines. If caused by star formation, the emission lines would indicate 
an ongoing star-formation rate (SFR) of ψ ≈ 40M⊙ yr−1 and a correspond-
ing 1.2-mm flux of about 1 millijansky (mJy), whereas no emission is 
observed to less than 0.1 mJy (at 3σ). We can, therefore, rule out the 
possibility of our source being a star-forming galaxy. However, we can-
not entirely rule out that the observed rest-frame UV emission is at least 
partly of stellar origin. In that case, assuming the entire UV emission 

Image A Image B Image C

Fig. 1 | Composite-colour image cutouts of the three images of A2744-QSO1. 
The 2.4″ × 2.4″ cutouts of the UNCOVER JWST/NIRCam composite-colour 
image12 (blue, F115W + F150W; green, F200W + F277W; red, F2356W + F410M + 
F444W) show the three images of A2744-QSO1 overlaid with the NIRSpec 
micro-shutter array slitlets (of 2.5″ length) of one of our micro-shutter array 
masks as an example (the three images were targeted with several masks, and 
the exact position of the object in each slit may slightly shift).
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Fig. 2 | NIRSpec-prism spectrum of A2744-QSO1. a, The de-magnified stacked 
spectrum (black), equivalent to about 1,700 h integration time on target once 
the lensing is factored in, and its 1σ uncertainty range (grey). Apart from its red 
rest-frame optical continuum4, the source shows strong hydrogen emission lines 
in the Balmer series and Lyα. The emission lines enable us to precisely measure 
the spectroscopic redshift at zspec = 7.0451 ± 0.0005. We overlay the NIRCam 
photometry measured previously4 as red circles. Securely identified and 
detected (≥3σ) emission lines are marked in purple and selected non-detected 

lines are shown in orange. b, The individual (magnified) spectra of the three 
images. All three images perfectly align in wavelength space, thus confirming 
the triply imaged nature of our object. c, The continuum-subtracted Hβ line 
(black) and our Gaussian fit to the line (purple). The red shaded areas delimit 
the region in which the fit is performed and the dark red curve illustrates the 
NIRSpec-prism LSF at the wavelength of Hβ. All errors shown represent 1σ 
uncertainties.
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Fig. 2 | NIRSpec-prism spectrum of A2744-QSO1. a, The de-magnified stacked 
spectrum (black), equivalent to about 1,700 h integration time on target once 
the lensing is factored in, and its 1σ uncertainty range (grey). Apart from its red 
rest-frame optical continuum4, the source shows strong hydrogen emission lines 
in the Balmer series and Lyα. The emission lines enable us to precisely measure 
the spectroscopic redshift at zspec = 7.0451 ± 0.0005. We overlay the NIRCam 
photometry measured previously4 as red circles. Securely identified and 
detected (≥3σ) emission lines are marked in purple and selected non-detected 

lines are shown in orange. b, The individual (magnified) spectra of the three 
images. All three images perfectly align in wavelength space, thus confirming 
the triply imaged nature of our object. c, The continuum-subtracted Hβ line 
(black) and our Gaussian fit to the line (purple). The red shaded areas delimit 
the region in which the fit is performed and the dark red curve illustrates the 
NIRSpec-prism LSF at the wavelength of Hβ. All errors shown represent 1σ 
uncertainties.
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A typical AGN spectrum 
(Vandan Berk+2001)



• Two-component scenario (e.g., unobscured galaxy + obscured AGN)
• Balmer-break like feature observed in some LRDs
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observed with JWST. After correcting for gravitational magnifications12 
of µ = 6.2A −0.2

+0.5, µ = 7.3B −1.5
+0.1 and µ = 3.5C −0.2

+0.2, this corresponds to a 1.5-µm 
continuum depth of about 31.0 AB magnitudes at 5σ, equivalent to 
integrating for more than about 1,700 h in a blank field.

The spectrum shown in Fig. 2 features several strong hydrogen emis-
sion lines—a prominent Balmer series with Hα, Hβ, Hγ and Hδ, as well 

as Lyman-α (Lyα)—along with several faint metal lines. We give a full list 
of the detected emission lines in Table 1. The broad hydrogen emission 
lines securely confirm this object at zspec = 7.0451 ± 0.0005 and provide 
unambiguous evidence that A2744-QSO1 is an AGN. The broad-line 
width is measured by fitting the Hβ line, which is the clearest and most 
isolated because Hα is situated on the edge of the detector. We thus 
find an Hβ full width at half-maximum (FWHM) of 2,800 ±  250 km s−1, 
well-resolved, even at the relatively low resolution of the prism (Fig. 2). 
These line widths are not seen in star-forming galaxies but routinely 
observed in the broad-line regions of AGN, in which gas clouds orbit the 
supermassive black hole15. An additional fit to the [O III] λ5008Å line 
shows that it is narrow and unresolved as opposed to the broad Balmer 
lines. Assuming a Small Magellanic Cloud extinction law16, the Balmer 
line ratio (Hα to Hβ) indicates a strong dust attenuation of AV = 3.0 ± 0.5. 
Note that flatter attenuation curves yield higher AV. The Atacama Large 
Millimeter/sub-millimeter Array (ALMA) 1.2 mm observations of A2744  
(ref. 17) firmly rule out dusty star formation powering the Balmer 
lines. If caused by star formation, the emission lines would indicate 
an ongoing star-formation rate (SFR) of ψ ≈ 40M⊙ yr−1 and a correspond-
ing 1.2-mm flux of about 1 millijansky (mJy), whereas no emission is 
observed to less than 0.1 mJy (at 3σ). We can, therefore, rule out the 
possibility of our source being a star-forming galaxy. However, we can-
not entirely rule out that the observed rest-frame UV emission is at least 
partly of stellar origin. In that case, assuming the entire UV emission 

Image A Image B Image C

Fig. 1 | Composite-colour image cutouts of the three images of A2744-QSO1. 
The 2.4″ × 2.4″ cutouts of the UNCOVER JWST/NIRCam composite-colour 
image12 (blue, F115W + F150W; green, F200W + F277W; red, F2356W + F410M + 
F444W) show the three images of A2744-QSO1 overlaid with the NIRSpec 
micro-shutter array slitlets (of 2.5″ length) of one of our micro-shutter array 
masks as an example (the three images were targeted with several masks, and 
the exact position of the object in each slit may slightly shift).
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Fig. 2 | NIRSpec-prism spectrum of A2744-QSO1. a, The de-magnified stacked 
spectrum (black), equivalent to about 1,700 h integration time on target once 
the lensing is factored in, and its 1σ uncertainty range (grey). Apart from its red 
rest-frame optical continuum4, the source shows strong hydrogen emission lines 
in the Balmer series and Lyα. The emission lines enable us to precisely measure 
the spectroscopic redshift at zspec = 7.0451 ± 0.0005. We overlay the NIRCam 
photometry measured previously4 as red circles. Securely identified and 
detected (≥3σ) emission lines are marked in purple and selected non-detected 

lines are shown in orange. b, The individual (magnified) spectra of the three 
images. All three images perfectly align in wavelength space, thus confirming 
the triply imaged nature of our object. c, The continuum-subtracted Hβ line 
(black) and our Gaussian fit to the line (purple). The red shaded areas delimit 
the region in which the fit is performed and the dark red curve illustrates the 
NIRSpec-prism LSF at the wavelength of Hβ. All errors shown represent 1σ 
uncertainties.
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observed with JWST. After correcting for gravitational magnifications12 
of µ = 6.2A −0.2

+0.5, µ = 7.3B −1.5
+0.1 and µ = 3.5C −0.2

+0.2, this corresponds to a 1.5-µm 
continuum depth of about 31.0 AB magnitudes at 5σ, equivalent to 
integrating for more than about 1,700 h in a blank field.

The spectrum shown in Fig. 2 features several strong hydrogen emis-
sion lines—a prominent Balmer series with Hα, Hβ, Hγ and Hδ, as well 

as Lyman-α (Lyα)—along with several faint metal lines. We give a full list 
of the detected emission lines in Table 1. The broad hydrogen emission 
lines securely confirm this object at zspec = 7.0451 ± 0.0005 and provide 
unambiguous evidence that A2744-QSO1 is an AGN. The broad-line 
width is measured by fitting the Hβ line, which is the clearest and most 
isolated because Hα is situated on the edge of the detector. We thus 
find an Hβ full width at half-maximum (FWHM) of 2,800 ±  250 km s−1, 
well-resolved, even at the relatively low resolution of the prism (Fig. 2). 
These line widths are not seen in star-forming galaxies but routinely 
observed in the broad-line regions of AGN, in which gas clouds orbit the 
supermassive black hole15. An additional fit to the [O III] λ5008Å line 
shows that it is narrow and unresolved as opposed to the broad Balmer 
lines. Assuming a Small Magellanic Cloud extinction law16, the Balmer 
line ratio (Hα to Hβ) indicates a strong dust attenuation of AV = 3.0 ± 0.5. 
Note that flatter attenuation curves yield higher AV. The Atacama Large 
Millimeter/sub-millimeter Array (ALMA) 1.2 mm observations of A2744  
(ref. 17) firmly rule out dusty star formation powering the Balmer 
lines. If caused by star formation, the emission lines would indicate 
an ongoing star-formation rate (SFR) of ψ ≈ 40M⊙ yr−1 and a correspond-
ing 1.2-mm flux of about 1 millijansky (mJy), whereas no emission is 
observed to less than 0.1 mJy (at 3σ). We can, therefore, rule out the 
possibility of our source being a star-forming galaxy. However, we can-
not entirely rule out that the observed rest-frame UV emission is at least 
partly of stellar origin. In that case, assuming the entire UV emission 
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Fig. 1 | Composite-colour image cutouts of the three images of A2744-QSO1. 
The 2.4″ × 2.4″ cutouts of the UNCOVER JWST/NIRCam composite-colour 
image12 (blue, F115W + F150W; green, F200W + F277W; red, F2356W + F410M + 
F444W) show the three images of A2744-QSO1 overlaid with the NIRSpec 
micro-shutter array slitlets (of 2.5″ length) of one of our micro-shutter array 
masks as an example (the three images were targeted with several masks, and 
the exact position of the object in each slit may slightly shift).
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Fig. 2 | NIRSpec-prism spectrum of A2744-QSO1. a, The de-magnified stacked 
spectrum (black), equivalent to about 1,700 h integration time on target once 
the lensing is factored in, and its 1σ uncertainty range (grey). Apart from its red 
rest-frame optical continuum4, the source shows strong hydrogen emission lines 
in the Balmer series and Lyα. The emission lines enable us to precisely measure 
the spectroscopic redshift at zspec = 7.0451 ± 0.0005. We overlay the NIRCam 
photometry measured previously4 as red circles. Securely identified and 
detected (≥3σ) emission lines are marked in purple and selected non-detected 

lines are shown in orange. b, The individual (magnified) spectra of the three 
images. All three images perfectly align in wavelength space, thus confirming 
the triply imaged nature of our object. c, The continuum-subtracted Hβ line 
(black) and our Gaussian fit to the line (purple). The red shaded areas delimit 
the region in which the fit is performed and the dark red curve illustrates the 
NIRSpec-prism LSF at the wavelength of Hβ. All errors shown represent 1σ 
uncertainties.
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Figure 3-a. Spectrophotometric modeling for RUBIES-EGS-49140, with models including maximal / medium / minimal stellar
contribution shown. The other two objects with detected Balmer breaks are shown in subsequent figures. (Left panels) The
photometric and spectroscopic data are shown in gray. The best-fit model spectrum, which includes the marginalized emission
lines as annotated, is plotted in light brown. The emission at ⇠ 3869 Å is likely [Ne iii] 3869, although He I 3889 is also possible.
The galaxy and the AGN continuum components are over-plotted in blue and red, respectively. The spectral break strength,
SBS, predicted by the galaxy model spectrum is indicated to the upper left corner. The spectral regions that are masked due to
low S/N or detector gap are shaded in gray. (Right panels) The inferred SFRs are plotted as a function of the age of the universe.
The gray and light gray shading indicates 1� and 2� uncertainties, respectively. The post-starburst feature is primarily driven
by the Balmer break.

less luminous stellar optical continuum can instead be
fit with a flat or rising SFH and relatively little stellar
mass. The Balmer break is a key constraint here as this,
alongside the resolved sizes in the blue (Baggen et al.
2023), suggest the continuum blueward of rest 4000 Å is
dominated by stars.

The central question is therefore the origin of the con-
tinuum redward of the Balmer break. We consider three
models which bracket the possible range of inferred stel-
lar and AGN contribution to the observed rest-optical
continua.

5.3.1. Maximal Stellar Contribution

We begin by considering a model which maximizes the
stellar contributions. This is achieved by placing a log-
normal prior on the pre-dust-attenuated AGN-to-galaxy
flux ratio at rest 5500 Å, fAGN,5500A, with mean µ = �3,

and standard deviation � = 1. A log-uniform (i.e., flat
in log-space) prior is used on the galaxy mass.

This model down-weights the AGN contribution at
wavelengths where it is naturally brightest, and e↵ec-
tively leads to stellar masses similar to those from a
“galaxy-only” fit. While this serves as a useful bench-
mark, it also implies the broad line EWs, assuming they
are driven by AGN, are extremely, perhaps unphysically,
high.

5.3.2. A Mixture of AGN and Stellar Contributions

We also define a middle ground model, where log-
uniform priors are assumed on the total mass formed
and fAGN,5500A. While it is impossible to write down an
agnostic prior, the intent here is to let the data inform
the inference process to the maximal extent. This model
typically falls between the “maximum” and “minimum”

B.Wang+(2024b)
6 Inayoshi & Ichikawa

COSMOS-Web survey (magenta) and another one com-
piling LRD samples from other observational programs
(blue). In this work, to assess the statistical di↵erence
between ⇢•(z ' 5) and �⇢• for each of the two cases, we
employ the t-test, which serves as an appropriate statis-
tical method to determine whether there is a statistically
significant di↵erence in the mean values between two
groups with unequal sample variances. The p-values, as
summarized in Table 1, indicate that the hypothesis of
agreement between the two quantities at ✏rad = 0.1 is
statistically rejected in both the two cases with a confi-
dence level of> 99.7% (p < 0.003). For the analysis with
the COSMOS-Web survey result, a radiative e�ciency
greater than ✏rad � 0.3 is concluded with a confidence
level of > 98%, while the case with other LRD survey
data suggest ✏rad � 0.2 with a similar confidence level.
This finding suggests that the majority of BHs within
LRDs or similarly gas/dust-rich environments are likely
to process rapid spins with an average ✏rad � 0.2 � 0.3
(the corresponding BH spin is a• ' 0.96� 0.996), indi-
cating a prevalent condition of rapid angular momentum
in BH growing environments in the early universe.
This result suggests that BH growth at these high red-

shifts, especially in LRDs, is likely dominated by pro-
longed accretion episodes with coherent angular momen-
tum directions or a modest degree of anisotropy (e.g.,
Volonteri et al. 2005; Dotti et al. 2013), unlike short-
lived chaotic accretion with randomly oriented inflows
that tend to spin BHs down (e.g., King et al. 2008). Our
conclusion on rapid spins of the early BH population
will be directly testable through future gravitational-
wave observations with the space-based detectors such
as LISA, TianQin, and Taiji (e.g., Amaro-Seoane et al.
2023; Torres-Orjuela et al. 2024).
Intriguingly, clustering analyses of quasars and galax-

ies at z & 6 suggest that the duty cycle of UV-bright
quasars is as low as . 1% (Eilers et al. 2024; Pizzati
et al. 2024), corresponding to a quasar lifetime of 1� 10
Myr, which is significantly shorter than the e-folding
time assuming the Eddington accretion rate. This find-
ing implies that most of the BH mass growth would have
occurred in highly (UV-)obscured environments and/or
through episodic super-Eddington phases with a lower
radiative e�ciency (Davies et al. 2019; see also Inayoshi
et al. 2016, 2022b). The first implication is consistent
with the hypothesis that LRDs are moderately obscured
AGNs (e.g., Li et al. 2024b). The second implication,
concerning the potential mass contribution from radia-
tively ine�cient super-Eddington growth, would be con-
strained by our findings in this work and is left for future
investigations.
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3. POTENTIAL OVERMASSIVE BH TRENDS IN
LITTLE RED DOTS

In this section, we explore the possibility that BHs
within LRDs are overmassive relative to the mass corre-
lation with their host mass, as implied from the BHAD-
to-SFRD ratio shown in Figure 2. In general, estimating
the stellar mass of dust-obscured sources poses a signifi-
cant challenge in the absence of rest-frame near-infrared
data provided by JWSTMIRI (e.g., Williams et al. 2024;
Pérez-González et al. 2024). Instead of examining the
detailed spectral energy distribution fitting analysis, we
focus on putting an upper bound for the stellar mass.
This approach ensures that the observed abundance of
LRDs does not exceed the theoretical upper bound in
the standard ⇤CDM model with a 100% conversion ef-
ficiency from gas to stars (e.g., Boylan-Kolchin 2023).
The stellar continuum for LRDs can be constrained

by the dust-corrected continuum flux at 5100 Å. Given
that broad H↵ emission indicates AGN dominance in
the continuum (see Section 4.3), we adjust L?,5100 =
fLL5100, where fL is significantly less than unity. To
estimate an upper bound of stellar mass, we employ the
STARBURST99 population synthesis code (version 7.0.1;
Leitherer et al. 1999), adopting a Kroupa IMF (Kroupa
2001; 0.1�100 M�), Padova isochrone models, constant
star formation, and solar metallicity. This approach

KI & Ichikawa (2024)

Only galaxy
logM*~11.17

Galaxy + AGN
logM*~9.93

• Stellar-origins of red continua requiring MW-like galaxies at z>6
• Extremely high stellar density and a tension to ΛCDM (Ωb > Ωstar)
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Figure 3-a. Spectrophotometric modeling for RUBIES-EGS-49140, with models including maximal / medium / minimal stellar
contribution shown. The other two objects with detected Balmer breaks are shown in subsequent figures. (Left panels) The
photometric and spectroscopic data are shown in gray. The best-fit model spectrum, which includes the marginalized emission
lines as annotated, is plotted in light brown. The emission at ⇠ 3869 Å is likely [Ne iii] 3869, although He I 3889 is also possible.
The galaxy and the AGN continuum components are over-plotted in blue and red, respectively. The spectral break strength,
SBS, predicted by the galaxy model spectrum is indicated to the upper left corner. The spectral regions that are masked due to
low S/N or detector gap are shaded in gray. (Right panels) The inferred SFRs are plotted as a function of the age of the universe.
The gray and light gray shading indicates 1� and 2� uncertainties, respectively. The post-starburst feature is primarily driven
by the Balmer break.

less luminous stellar optical continuum can instead be
fit with a flat or rising SFH and relatively little stellar
mass. The Balmer break is a key constraint here as this,
alongside the resolved sizes in the blue (Baggen et al.
2023), suggest the continuum blueward of rest 4000 Å is
dominated by stars.

The central question is therefore the origin of the con-
tinuum redward of the Balmer break. We consider three
models which bracket the possible range of inferred stel-
lar and AGN contribution to the observed rest-optical
continua.

5.3.1. Maximal Stellar Contribution

We begin by considering a model which maximizes the
stellar contributions. This is achieved by placing a log-
normal prior on the pre-dust-attenuated AGN-to-galaxy
flux ratio at rest 5500 Å, fAGN,5500A, with mean µ = �3,

and standard deviation � = 1. A log-uniform (i.e., flat
in log-space) prior is used on the galaxy mass.

This model down-weights the AGN contribution at
wavelengths where it is naturally brightest, and e↵ec-
tively leads to stellar masses similar to those from a
“galaxy-only” fit. While this serves as a useful bench-
mark, it also implies the broad line EWs, assuming they
are driven by AGN, are extremely, perhaps unphysically,
high.

5.3.2. A Mixture of AGN and Stellar Contributions

We also define a middle ground model, where log-
uniform priors are assumed on the total mass formed
and fAGN,5500A. While it is impossible to write down an
agnostic prior, the intent here is to let the data inform
the inference process to the maximal extent. This model
typically falls between the “maximum” and “minimum”

stellar-origin 
Balmer break?

add AGN 
contributions?

Balmer break: stellar? or AGN?
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Figure 1. False color stamps of the 20 BL H↵ emitters at z = 4.2� 5.5 identified in this work ordered by their

broad-to-total H↵ luminosity ratio, from top-left to bottom-right. For the EIGER sample (J*) we used JWST imaging

data in the F115W/F200W/F356W filters, while F182M/F210M/F444W was used in the FRESCO sample (GOODS-*). We

use a high stretch to highlight colour di↵erences between various components. BL H↵ emitters stand out as red point sources.

Blue companion galaxies can be identified in a large fraction of the EIGER sample with the deepest imaging data.

3.1. Selection criteria

For a systematic search of broad line H↵ emitters, we
inspected spectra for all sources with at least one emis-
sion line in the EIGER and FRESCO data. To identify
candidate broad line emitters, we fit their emission-line
profiles with a combination of a narrow and a broad
emission-line (see §3.4 for details). We then inspect
all objects for which the broad component is identi-
fied with S/N> 5 in order to determine whether these
are consistent with being H↵ emitters at z ⇡ 5 and
whether the broad component is not included to ac-
count for the spatial extent of the object along the dis-
persion direction. In order to facilitate the determina-
tion of the origin of the broad component, we limit our-

selves to broad components with full width half max-
imum vFWHM,H↵,broad > 1000 km s�1. Finally, in or-
der to mitigate the impact of the wavelength-dependent
sensitivity of our data, we impose a conservative lower
limit to the H↵ luminosity of the broad component
LH↵,broad > 2 ⇥ 1042 erg s�1. The selection criteria
are summarised in Equation 1.

S/NH↵,broad > 5,

LH↵,broad > 2⇥ 1042 erg s�1
,

vFWHM,H↵,broad > 1000 km s�1
.

(1)

We identify 20 BL H↵ emitters in this work, whose
false-color stamps we show in Fig. 1. The majority of
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Figure 13. Median-stacked panchromatic SED for the COSMOS-Web LRDs. Top: Stacked images in all HST/JWST bands
available, as well as Chandra X-ray, Spitzer/MIPS 24 µm, JCMT/SCUBA-2 850 µm, ALMA 1.2 and 2.0 mm imaging, and
MeerKAT/VLA 1.3 and 3GHz imaging. Each stack is annotated with the number of objects contributing to the stack. For
HST/JWST, we show in light red the apertures used to extract photometry directly from the stacks. For the remaining bands,
we show a 5” square to guide the eye given the varying resolution of the images. Bottom: full panchromatic SED for the
median COSMOS-Web LRD. Photometry measured from stacks (or 5� upper limits from the non-detections) are shown in
black. We plot the maximal allowed SED model in red. The faint blue lines in the X-ray and UV/optical show the intrinsic
(i.e., unattenuated) SEDs for the corona and the accretion disk. We plot two alternative X-ray SEDs consistent with the data,
a Compton-thin model with an anomalously low ↵OX (solid) and a Compton-thick model with a normal ↵OX given the optical
luminosity (dashed). In the far-IR, we show several single-temperature blackbodies at di↵erent normalizations, ranging from
to cold ISM dust the hottest possible dust, at the sublimation temperature. The maximal SED model includes a total dust
luminosity of 2 ⇥ 1012 L� with a Gaussian temperature distribution ⇠ 200 ± 75K. Finally, in the radio, we adopt a slope
↵ = �1.5 consistent with radio-loud AGN (Endsley et al. 2022b; Lambrides et al. 2023). For reference, we also plot the best-fit
model SEDs for a z = 5.85 DSFG (MAMBO-9; Akins et al. in prep) and a z = 6.85 obscured AGN (COS-87259; Endsley et al.
2022b,c).
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Figure 13. Median-stacked panchromatic SED for the COSMOS-Web LRDs. Top: Stacked images in all HST/JWST bands
available, as well as Chandra X-ray, Spitzer/MIPS 24 µm, JCMT/SCUBA-2 850 µm, ALMA 1.2 and 2.0 mm imaging, and
MeerKAT/VLA 1.3 and 3GHz imaging. Each stack is annotated with the number of objects contributing to the stack. For
HST/JWST, we show in light red the apertures used to extract photometry directly from the stacks. For the remaining bands,
we show a 5” square to guide the eye given the varying resolution of the images. Bottom: full panchromatic SED for the
median COSMOS-Web LRD. Photometry measured from stacks (or 5� upper limits from the non-detections) are shown in
black. We plot the maximal allowed SED model in red. The faint blue lines in the X-ray and UV/optical show the intrinsic
(i.e., unattenuated) SEDs for the corona and the accretion disk. We plot two alternative X-ray SEDs consistent with the data,
a Compton-thin model with an anomalously low ↵OX (solid) and a Compton-thick model with a normal ↵OX given the optical
luminosity (dashed). In the far-IR, we show several single-temperature blackbodies at di↵erent normalizations, ranging from
to cold ISM dust the hottest possible dust, at the sublimation temperature. The maximal SED model includes a total dust
luminosity of 2 ⇥ 1012 L� with a Gaussian temperature distribution ⇠ 200 ± 75K. Finally, in the radio, we adopt a slope
↵ = �1.5 consistent with radio-loud AGN (Endsley et al. 2022b; Lambrides et al. 2023). For reference, we also plot the best-fit
model SEDs for a z = 5.85 DSFG (MAMBO-9; Akins et al. in prep) and a z = 6.85 obscured AGN (COS-87259; Endsley et al.
2022b,c).
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Figure 13. Median-stacked panchromatic SED for the COSMOS-Web LRDs. Top: Stacked images in all HST/JWST bands
available, as well as Chandra X-ray, Spitzer/MIPS 24 µm, JCMT/SCUBA-2 850 µm, ALMA 1.2 and 2.0 mm imaging, and
MeerKAT/VLA 1.3 and 3GHz imaging. Each stack is annotated with the number of objects contributing to the stack. For
HST/JWST, we show in light red the apertures used to extract photometry directly from the stacks. For the remaining bands,
we show a 5” square to guide the eye given the varying resolution of the images. Bottom: full panchromatic SED for the
median COSMOS-Web LRD. Photometry measured from stacks (or 5� upper limits from the non-detections) are shown in
black. We plot the maximal allowed SED model in red. The faint blue lines in the X-ray and UV/optical show the intrinsic
(i.e., unattenuated) SEDs for the corona and the accretion disk. We plot two alternative X-ray SEDs consistent with the data,
a Compton-thin model with an anomalously low ↵OX (solid) and a Compton-thick model with a normal ↵OX given the optical
luminosity (dashed). In the far-IR, we show several single-temperature blackbodies at di↵erent normalizations, ranging from
to cold ISM dust the hottest possible dust, at the sublimation temperature. The maximal SED model includes a total dust
luminosity of 2 ⇥ 1012 L� with a Gaussian temperature distribution ⇠ 200 ± 75K. Finally, in the radio, we adopt a slope
↵ = �1.5 consistent with radio-loud AGN (Endsley et al. 2022b; Lambrides et al. 2023). For reference, we also plot the best-fit
model SEDs for a z = 5.85 DSFG (MAMBO-9; Akins et al. in prep) and a z = 6.85 obscured AGN (COS-87259; Endsley et al.
2022b,c).

ALMA/VLA/MeerKat 
non-detection 

(no cold dust/jets?) 
(Labbe+23,Akins+24, Mazzolari+24; 

Gloudemans+KI 25)

lines, although it is very rare (e.g., Aoki et al. 2006; Shi et al.
2016; Schulze et al. 2018). The absorption likely arises due to
neutral hydrogen with column densities around 1019 cm−2,
where Lyα trapping significantly increases the number of
hydrogen atoms with electrons in the n= 2 shell more
efficiently than collisional excitation (Hall 2007). We interpret
the origin of the detected Hα absorption therefore as high
density gas in the BL region that is outflowing/inflowing
for GOODS-N-9771/J1148-18404 (see also Shi et al. 2016;
Zhang et al. 2018). In contrast to our sample, other Balmer
absorption lines are typically found in more massive BHs
(MBH∼ 109−10Me; Schulze et al. 2018) with Balmer absorp-
tion that is often stronger and at (much) higher velocities (e.g.,
Hall et al. 2013; Williams et al. 2017).

The detection of such rare absorption features that are
relatively narrow and close to the systemic redshift opens a
promising window toward studying the early stages of
SMBH formation and feedback. These two detections can be
further confirmed when the redshifts from the narrow and

broad emission components can simultaneously be constrained
with other emission lines such as Hβ and [O III]. Detections in
other Balmer lines will improve the characterization of the
absorbing gas. Whether such dense gas clouds are common or
rare could inform us whether they are short-lived phenomena or
have low covering fractions. Among the full sample, the
objects that show absorption have among the broadest Hα lines
and are relatively red (FWHMs 2800 and 3700 km s−1,
βopt=+ 2.7 and+0.8, respectively). GOODS-N-9771 is the
brightest object in the sample with the highest BH mass, and
J1148-18404 is the object that has the brightest F356W
magnitude within the EIGER sample (despite being the UV
faintest within the sample; see Table 3). This means that we
cannot rule out that the detection of Hα absorption in these
particular objects is mainly due to their spectra having among
the highest signal-to-noise (see for example Figure 5). Deep,
high-resolution spectroscopy is required to detect or rule out
similar absorption features in other broad Hα line samples
(e.g., Maiolino et al. 2023b; Harikane et al. 2023; Kocevski
et al. 2023).

5. The Number Density of Broad Hα AGN

One of the key motivations for our systematic search for BL
Hα lines in NIRCam/WFSS data is the unbiased availability of
spectra for objects in the field of view. This allows us to
estimate the survey volume by modeling the wavelength-
dependent field of view using the grism trace models and the
mosaic designs.
In Figure 15, we show the redshift distribution of the BL Hα

emitters in comparison to the survey power of EIGER and
FRESCO, which is the combination of the redshift dependence
of the sensitivity and the volume. Despite covering
z= 3.8− 6.5, the redshift distribution is confined to
z≈ 4.2− 5.5. While shot noise with a N= 20 sample is
relatively high, this distribution is expected given that the
NIRCam grism is most sensitive around 3.9 μm as this is the
wavelength where the zodiacal background is the lowest. Due
to the NIRCam grism design, 3.9 μm is covered by the full field
of view, such that z≈ 5 is the redshift where we are most
sensitive to detect broad emission lines. As the area and

Figure 14. Detection of narrow Hα absorption close to the systemic redshift in
two BL Hα emitters. As in Figure 6, we show 2D and 1D spectra, and residuals
to the best fit with an additional absorption component on the broad line. The
inclusion of an absorption component in the fit decreases the reduced χ2

significantly; but in the case of J1148-18404, leads to strong degeneracies with
the luminosity of the narrow component due to the small redshift of the
absorption with respect to the systemic (+50 km s−1). We note the [N II]
emission is not detected at S/N >3.

Figure 15. The redshift distribution of the BL Hα sample. We compare the
redshift distribution to the expected distribution based on the so-called survey
power in the EIGER and FRESCO surveys in blue and red, respectively.
Survey power is defined as luminosity sensitivity (dashed) scaled by the
redshift dependence of the covered volume (solid).
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Figure 1. Multi-wavelength spectra of two representative LRDs: Abell2744-QSO1 at z = 7.045 (blue, Furtak et al. 2024) and
J1025+1402 at z = 0.1007 with fluxes rescaled by a factor of 2.5 (cyan, Lin et al. 2025b). Rest-frame, median-stacked panchro-
matic SED based on publicly available data of JWST NIRCam, MIRI, and ALMA from the CEERS, GOODS-S, PRIMER-COS-
MOS, PRIMER-UDS surveys, as well as Spitzer and Herschel upper limits (detection/non-detection with filled/open circles,
Akins et al. 2025a; Delvecchio et al. 2025). For comparison, the SED models of a BH-envelope with a surface temperature of
Te↵ = 4500 K (red), a young starburst (magenta), and infrared reemission from heated dust with AV ' 0.5 mag (brown) are
shown. The V-shaped SED in the enshrouded-BH scenario is taken from Inayoshi et al. (2025b) and the dust re-emission spectra
are calculated to match either the MIRI detection or the deepest ALMA non-detection limit (Chen et al. 2025c). A power-law
ionizing radiation spectrum with ↵ox = �1.7 (dashed, Lusso et al. 2015) is overlaid with ionization energy thresholds for H, He,
C, N, and Ne. The X-ray upper limits for JWST-identified AGNs in the Chandra Deep Field (Maiolino et al. 2025a; Comastri
et al. 2025) are shown at the shortest-wavelength end of the spectrum, where the x-axis is compressed for visualization. The
rest-frame 5 GHz upper limit (corresponding to a wavelength of 6 cm) is 2 ⇥ 1039 erg s�1 (Mazzolari et al. 2024; Gloudemans
et al. 2025), but this value lies far below the other luminosity constraints and thus falls outside the plot range optimized for the
other wavelength data.

2.7. Constraints from other wavelengths

Multi-wavelength observational campaigns have been carried out to investigate the nature of LRDs, extending beyond
the rest-frame UV-to-optical bands. In typical nearby AGNs, X-ray emission arises from hot plasma near the BH event
horizon, near-infrared (NIR) emission is reprocessed by dust grains heated by AGN radiation, and radio synchrotron
emission originates from relativistic jets and associated non-thermal processes. These spectral features are commonly
used as diagnostics for AGNs when they are dust obscured, since high- and low-energy photons can penetrate dusty
environments more e↵ectively than optical and UV light (e.g., Ho 2008; Hickox & Alexander 2018). However, such
canonical AGN signatures are largely absent or substantially weaker in LRDs.

2.7.1. X-ray weakness

X-ray observations are a key tool for identifying AGNs embedded in dense circumnuclear environments (Ueda
et al. 2014; Aird et al. 2015; Nandra et al. 2015; Ricci et al. 2017; Ichikawa et al. 2019) due to the transmitted
nature of high-energy photons. However, despite the presence of broad-line AGN signatures, most LRDs remain
undetected even in deep Chandra X-ray data. Stacking analyses also yield no significant signal with an upper limit
of LX,obs < (2 � 4) ⇥ 1041 erg s�1 for JWST-identified AGNs (Yue et al. 2024a; Ananna et al. 2024; Maiolino et al.
2025a; Sacchi & Bogdán 2025; Comastri et al. 2025).
Hard X-rays are thought to originate from inverse Compton scattering of UV seed photons by hot nuclear plasma.

Empirically, the absorption-corrected UV and X-ray luminosities of AGNs follow a tight correlation characterized
by a spectral index between 2500 Å (or 4.96 eV) and 2 keV, ↵ox(⌘ d logF⌫/d log ⌫) ' �1.5 to �1.8 (e.g., Lusso

No X-rays

V-shape SED No SF/jets

KI & Ho (2025)

No dust torus



3. LRDs = Gas-enshrouded AGNs

An illustration by Chat-GPT



Two big problems in 2024-2025

• What is the main power source of LRDs? Stellar or AGN origin?

- Broad-emission lines support the AGN origin (compact massive object), 
but Balmer break features might not be produced by AGNs

• What makes LRDs red without dust?

- If dust is responsible to red optical continua, AGN heated dust re-emits into 
NIR, but JWST MIRI observations report the absence of hot dust emission

- LRDs are possibly metal-poor systems (see also lacks of metal lines, [OIII])



• Absorption on broad Balmer & HeI emission lines; EWabs ~ O(10)Å
• BLRs embedded by dense gas with a high covering fraction

Balmer absorption on BL AGNs
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log(M•DB25/M�) = 6.5+0.1
�0.2, with 0.2 dex calibration uncertainties.

Correcting for dust attenuation we get log(M•,ism
DB25/M�) = 6.7+0.2

�0.2.
To obtain the bolometric luminosity, we use the calibration of

Stern & Laor (2012), based on the broad H�, and find Lbol =

4 ⇥ 1044 erg s�1, within a factor of 2 from the value based on broad
H �, and within a factor of 3 from the value based on the contin-
uum at 5,100 Å (J25). The resulting Eddington ratios range from
�Edd

DB25 = 0.4+0.2
�0.1 to �Edd,ism

RV15 = 1.6+0.8
�0.5 (Table 2). These are much higher

than what was reported previously based on H � (�Edd
DB25 = 0.05–0.24;

Furtak et al. 2024, J25), with the increase in �Edd driven primarily by
the decrease in M•, since our Lbol is comparable with previous esti-
mates.

3.3 Absorbing gas

The gas absorber has a very high equivalent width; when mea-
sured relative to the broad-H� flux, the value is EW(H�) = 6+1

�1 Å,
while the value measured relative to the continuum is EWcont(H�) =
30+15
�9 Å. Both values are very high, but the second value is so

high that it completely rules out a stellar origin1. The strength of
the H � absorber appears much larger, with an optical depth at
the line centre of ⌧0(H �) = 20+7

�8, compared to only ⌧0(H�) =
1.9+0.7
�0.6. Since these are absorption lines arising from the same en-

ergy level, their optical depth ratios are set by atomic physics to be
⌧0(H �)/⌧0(H�) = �H �/�H� · f2!4/ f2!3 = 0.137, where we used
the oscillator strength values f2!4 = 0.119 and f2!3 = 0.641. Our
results yield ⌧0(H �)/⌧0(H�) = 11 ± 6, almost 2-� away from the
theoretical value. Higher-quality observations of H � are needed to
confirm this finding, but, at face value, it suggests the presence of
some line infill. Spatially, the absorber is clearly located in the BLR,
or between the BLR and the observer, as demonstrated in Fig. 3;
there is clearly not enough continuum flux to be absorbed, and the
model is unable to reproduce the data.

The mean velocity o↵set of the BLR model is vb = �19±8 km s�1,
with a significance of only 2.5 �, which we find no strong evidence
for a velocity o↵set, given that we miss the peak of the BLR due to
the absorption. The velocity of the absorber is also very close to the
systemic velocity, vabs = �36+9

�10 km s�1 (4 �). This weak blueshift
echoes the blueshift of the BLR, such that their di↵erence is fully
consistent with 0 (within 1.1 �), implying that the dense-gas ab-
sorber is at rest relative to the BLR.

While a single rest-frame absorber could indicate an in-
flow/outflow directed close to the plane of the sky, there is increas-
ing evidence for near rest-frame absorbers being common, favouring
stationary equilibrium, such as a gas disc, or at least long-lived struc-
tures, such as stalling gas clouds. Indeed, if we adopt the column
density NH ⇠ 1024 cm�2 estimated from the strength of the Balmer
absorption (J25), the gas absorber could be long-lived even under a
high-�Edd scenario, because the cross section for absorption depends
on the dust fraction (Fabian et al. 2008), which we estimate to be
low. In fact, from the dust-to-column density ratio of the Milky Way
and from the hydrogen column density of J25, we can derive con-
straints on the dust and metallicity properties of the absorbing gas.

1 High-EW Balmer-line absorption in stellar atmospheres is routinely ob-
served in spectral types from late B to early F, but is never as strong as
seen here. For reference, for a simple stellar population employing MIST
isochrones (Choi et al. 2016) and the C3K model atmospheres (Conroy et al.
2019), the maximum EW(H�) is 8.3 Å for a burst age of 400–500 Myr, de-
pending on metallicity. For Abell2744-QSO1, such an old burst age is ruled
out by the amount of rest-UV light.

Figure 3. The best-fit model where the dense gas absorbs only the continuum
and not the broad H� line cannot reproduce the observations, therefore the
dense absorber must be located between the observer and the BLR.

Following the method of D’Eugenio et al. (2024, their eq. 1), we can
write

Z · ⇠d = ZMW · ⇠d,MW
AV,n
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where Z is the ISM metallicity, ⇠d is the dust-to-metal ratio. Adopt-
ing the Milky-Way (MW) values of the gas-to-extinction ratio
NH/AV = 2.09±0.03 cm�2 mag�1 (Zhu et al. 2017), the dust-to-metal
ratio ⇠d,MW = 0.45 (Konstantopoulou et al. 2024), and an ISM metal-
licity in the solar neighbourhood ZMW = 0.6 Z� (Arellano-Córdova
et al. 2021), we infer Z · ⇠d . 0.0008. The inequality derives from
the fact that some or even most of the attenuation we inferred from
the narrow lines AV,n may not be associated with the absorber. Such
a low value of Z · ⇠d implies that the absorbing medium is extremely
dust poor. This could stem in part from low metallicity, and in part
due to a very low value of ⇠d, which would be expected if the ab-
sorber is within the dust sublimation radius from the SMBH, and
which resonates with the relatively large �Edd value. Such a conclu-
sion would lower the e↵ective Eddington ratio for the galaxy ISM,
thus increasing the lifetime of absorbing clouds (Fabian et al. 2008;
Arakawa et al. 2022).

4 DISCUSSION

‘Little Red Dots’ defined as having broad permitted lines, a ‘v-
shaped’ SED and very compact morphology are a puzzling new
class of AGN, unknown before JWST . It is clear that these objects
are preferentially inherent to the Universe before Cosmic Noon, at
z > 2–3; with only two known ‘low-redshift’ cases at z = 2.3
(Juodžbalis et al. 2024a) and z = 3.1 (Wang et al. 2024a).

Abell2744-QSO1 (Furtak et al. 2023, 2024) was found to have
one of the strongest Balmer breaks observed at high redshift (see
also Labbe et al. 2025). The smooth nature of the break in this galaxy
has defied any attempt to model it as a stellar Balmer break (Ma
et al. 2024). In contrast, by using the model of Inayoshi & Maiolino
(2025), which associates the Balmer break to dense gas absorbers
around the AGN, and by introducing a large micro-turbulence pa-
rameter of vt ⇠ 120 km s�1, J25 were able to successfully model the
shape of the continuum break.
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log(M•DB25/M�) = 6.5+0.1
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the line centre of ⌧0(H �) = 20+7

�8, compared to only ⌧0(H�) =
1.9+0.7
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�10 km s�1 (4 �). This weak blueshift
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While a single rest-frame absorber could indicate an in-
flow/outflow directed close to the plane of the sky, there is increas-
ing evidence for near rest-frame absorbers being common, favouring
stationary equilibrium, such as a gas disc, or at least long-lived struc-
tures, such as stalling gas clouds. Indeed, if we adopt the column
density NH ⇠ 1024 cm�2 estimated from the strength of the Balmer
absorption (J25), the gas absorber could be long-lived even under a
high-�Edd scenario, because the cross section for absorption depends
on the dust fraction (Fabian et al. 2008), which we estimate to be
low. In fact, from the dust-to-column density ratio of the Milky Way
and from the hydrogen column density of J25, we can derive con-
straints on the dust and metallicity properties of the absorbing gas.

1 High-EW Balmer-line absorption in stellar atmospheres is routinely ob-
served in spectral types from late B to early F, but is never as strong as
seen here. For reference, for a simple stellar population employing MIST
isochrones (Choi et al. 2016) and the C3K model atmospheres (Conroy et al.
2019), the maximum EW(H�) is 8.3 Å for a burst age of 400–500 Myr, de-
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out by the amount of rest-UV light.
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where Z is the ISM metallicity, ⇠d is the dust-to-metal ratio. Adopt-
ing the Milky-Way (MW) values of the gas-to-extinction ratio
NH/AV = 2.09±0.03 cm�2 mag�1 (Zhu et al. 2017), the dust-to-metal
ratio ⇠d,MW = 0.45 (Konstantopoulou et al. 2024), and an ISM metal-
licity in the solar neighbourhood ZMW = 0.6 Z� (Arellano-Córdova
et al. 2021), we infer Z · ⇠d . 0.0008. The inequality derives from
the fact that some or even most of the attenuation we inferred from
the narrow lines AV,n may not be associated with the absorber. Such
a low value of Z · ⇠d implies that the absorbing medium is extremely
dust poor. This could stem in part from low metallicity, and in part
due to a very low value of ⇠d, which would be expected if the ab-
sorber is within the dust sublimation radius from the SMBH, and
which resonates with the relatively large �Edd value. Such a conclu-
sion would lower the e↵ective Eddington ratio for the galaxy ISM,
thus increasing the lifetime of absorbing clouds (Fabian et al. 2008;
Arakawa et al. 2022).

4 DISCUSSION

‘Little Red Dots’ defined as having broad permitted lines, a ‘v-
shaped’ SED and very compact morphology are a puzzling new
class of AGN, unknown before JWST . It is clear that these objects
are preferentially inherent to the Universe before Cosmic Noon, at
z > 2–3; with only two known ‘low-redshift’ cases at z = 2.3
(Juodžbalis et al. 2024a) and z = 3.1 (Wang et al. 2024a).

Abell2744-QSO1 (Furtak et al. 2023, 2024) was found to have
one of the strongest Balmer breaks observed at high redshift (see
also Labbe et al. 2025). The smooth nature of the break in this galaxy
has defied any attempt to model it as a stellar Balmer break (Ma
et al. 2024). In contrast, by using the model of Inayoshi & Maiolino
(2025), which associates the Balmer break to dense gas absorbers
around the AGN, and by introducing a large micro-turbulence pa-
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Figure 1. Observations of the triply imaged Abell 2744-QSO1. Top: Color-composite NIRCam images as well as NIRSpec/IFU maps. The NIRCam images of
three lensed images from the UNCOVER DR4 (Price et al. 2024) are shown, where the field of view of the IFU observation for image A is indicated by the
dotted white rectangular aperture. For IFU maps, fluxes of the narrow and the whole HV are shown and the extraction aperture for the PRISM and grating spectra
is indicated by the dashed white circle. Middle: IFU and MSA PRISM spectra combining different lensed images normalized to the flux density at _ = 4260 Å
in the rest frame. The spectra are manually shifted in the H axis for presentation purposes. From top to bottom, the spectra correspond to the central region of
image A extracted from a circular aperture with a diameter of 0.0025 using the BlackTHUNDER IFU observations with the GTO reduction, the A and C images
combined from the MSA observations with the GTO reduction (image B is removed due to the background subtraction issue described in Section 2), and the A,
B, and C images combined from the MSA observations with Furtak et al. (2024)’s reduction, respectively. The shaded regions correspond to the 1f pipeline
uncertainties. Bottom: The high-resolution (R2700) BlackTHUNDER IFU spectrum of image A extracted from a circular aperture of 0.0025 zoomed around
the location of HV and [O ���]__4960, 5008. The dashed lines are the best-fit emission line and continuum models, which show a tentative absorption in HV

at a significance of 3f. The two bottom panels show the residuals normalized by uncertainties (j = residual/f) of fits with and without the HV absorption,
respectively. The fit with the HV absorption produces improved j residuals near the centroid of the broad HV (⇠ 3.91 `m).
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Figure 1. Observations of the triply imaged Abell 2744-QSO1. Top: Color-composite NIRCam images as well as NIRSpec/IFU maps. The NIRCam images of
three lensed images from the UNCOVER DR4 (Price et al. 2024) are shown, where the field of view of the IFU observation for image A is indicated by the
dotted white rectangular aperture. For IFU maps, fluxes of the narrow and the whole HV are shown and the extraction aperture for the PRISM and grating spectra
is indicated by the dashed white circle. Middle: IFU and MSA PRISM spectra combining different lensed images normalized to the flux density at _ = 4260 Å
in the rest frame. The spectra are manually shifted in the H axis for presentation purposes. From top to bottom, the spectra correspond to the central region of
image A extracted from a circular aperture with a diameter of 0.0025 using the BlackTHUNDER IFU observations with the GTO reduction, the A and C images
combined from the MSA observations with the GTO reduction (image B is removed due to the background subtraction issue described in Section 2), and the A,
B, and C images combined from the MSA observations with Furtak et al. (2024)’s reduction, respectively. The shaded regions correspond to the 1f pipeline
uncertainties. Bottom: The high-resolution (R2700) BlackTHUNDER IFU spectrum of image A extracted from a circular aperture of 0.0025 zoomed around
the location of HV and [O ���]__4960, 5008. The dashed lines are the best-fit emission line and continuum models, which show a tentative absorption in HV

at a significance of 3f. The two bottom panels show the residuals normalized by uncertainties (j = residual/f) of fits with and without the HV absorption,
respectively. The fit with the HV absorption produces improved j residuals near the centroid of the broad HV (⇠ 3.91 `m).
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lines, although it is very rare (e.g., Aoki et al. 2006; Shi et al.
2016; Schulze et al. 2018). The absorption likely arises due to
neutral hydrogen with column densities around 1019 cm−2,
where Lyα trapping significantly increases the number of
hydrogen atoms with electrons in the n= 2 shell more
efficiently than collisional excitation (Hall 2007). We interpret
the origin of the detected Hα absorption therefore as high
density gas in the BL region that is outflowing/inflowing
for GOODS-N-9771/J1148-18404 (see also Shi et al. 2016;
Zhang et al. 2018). In contrast to our sample, other Balmer
absorption lines are typically found in more massive BHs
(MBH∼ 109−10Me; Schulze et al. 2018) with Balmer absorp-
tion that is often stronger and at (much) higher velocities (e.g.,
Hall et al. 2013; Williams et al. 2017).

The detection of such rare absorption features that are
relatively narrow and close to the systemic redshift opens a
promising window toward studying the early stages of
SMBH formation and feedback. These two detections can be
further confirmed when the redshifts from the narrow and

broad emission components can simultaneously be constrained
with other emission lines such as Hβ and [O III]. Detections in
other Balmer lines will improve the characterization of the
absorbing gas. Whether such dense gas clouds are common or
rare could inform us whether they are short-lived phenomena or
have low covering fractions. Among the full sample, the
objects that show absorption have among the broadest Hα lines
and are relatively red (FWHMs 2800 and 3700 km s−1,
βopt=+ 2.7 and+0.8, respectively). GOODS-N-9771 is the
brightest object in the sample with the highest BH mass, and
J1148-18404 is the object that has the brightest F356W
magnitude within the EIGER sample (despite being the UV
faintest within the sample; see Table 3). This means that we
cannot rule out that the detection of Hα absorption in these
particular objects is mainly due to their spectra having among
the highest signal-to-noise (see for example Figure 5). Deep,
high-resolution spectroscopy is required to detect or rule out
similar absorption features in other broad Hα line samples
(e.g., Maiolino et al. 2023b; Harikane et al. 2023; Kocevski
et al. 2023).

5. The Number Density of Broad Hα AGN

One of the key motivations for our systematic search for BL
Hα lines in NIRCam/WFSS data is the unbiased availability of
spectra for objects in the field of view. This allows us to
estimate the survey volume by modeling the wavelength-
dependent field of view using the grism trace models and the
mosaic designs.
In Figure 15, we show the redshift distribution of the BL Hα

emitters in comparison to the survey power of EIGER and
FRESCO, which is the combination of the redshift dependence
of the sensitivity and the volume. Despite covering
z= 3.8− 6.5, the redshift distribution is confined to
z≈ 4.2− 5.5. While shot noise with a N= 20 sample is
relatively high, this distribution is expected given that the
NIRCam grism is most sensitive around 3.9 μm as this is the
wavelength where the zodiacal background is the lowest. Due
to the NIRCam grism design, 3.9 μm is covered by the full field
of view, such that z≈ 5 is the redshift where we are most
sensitive to detect broad emission lines. As the area and

Figure 14. Detection of narrow Hα absorption close to the systemic redshift in
two BL Hα emitters. As in Figure 6, we show 2D and 1D spectra, and residuals
to the best fit with an additional absorption component on the broad line. The
inclusion of an absorption component in the fit decreases the reduced χ2

significantly; but in the case of J1148-18404, leads to strong degeneracies with
the luminosity of the narrow component due to the small redshift of the
absorption with respect to the systemic (+50 km s−1). We note the [N II]
emission is not detected at S/N >3.

Figure 15. The redshift distribution of the BL Hα sample. We compare the
redshift distribution to the expected distribution based on the so-called survey
power in the EIGER and FRESCO surveys in blue and red, respectively.
Survey power is defined as luminosity sensitivity (dashed) scaled by the
redshift dependence of the covered volume (solid).
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the SED could be influenced by a gray dust attenuation curve,
resulting from the deficit of small-size dust grains, which might
explain the v-shaped SED of LRDs (Z. Li et al. 2025).

Moreover, an independent line of evidence comes from the
detailed analysis of broad hydrogen emission lines in AGNs
observed by JWST, not only in LRDs but also in unobscured
sources (R. Maiolino et al. 2024; I. Juodžbalis et al. 2024;
D. D. Kocevski et al. 2024; X. Lin et al. 2024; J. Matthee et al.
2024). These observations reveal slightly blueshifted and narrow
absorption on the broad Balmer lines (v ; 200 km s−1). The
detection of Hα and Hβ in absorption is remarkable as the n= 2
states of atomic hydrogen are very short-lived and not
metastable. To make such absorption features visible against
the Balmer emission profile, extremely high gas densities are
required to populate hydrogen atoms into the n= 2 states. In
particular, I. Juodžbalis et al. (2024) infer that Hα and Hβ
absorption must be associated with very dense gas along the line
of sight with nH > 109 cm−3, possibly clouds of the broad-line
region (BLR) or its immediate surroundings. In nearby AGNs,
Balmer absorption lines are rarely observed with a detection rate
of ≈0.1%. However, Balmer absorption has been found in at
least 10%–20% of broad-line AGNs observed by JWST
(see Figure 12 of X. Lin et al. 2024). Since higher-resolution
spectroscopy is required to detect these absorption lines, the
fraction of 10%–20% is likely a lower limit, and thus a larger
fraction of AGNs are probably buried in dense gas distributed
over a wide solid angle.

In this Letter, we demonstrate that a Balmer break feature
can form in AGN spectra without stellar components when the
accretion disk is heavily embedded in dense neutral gas clumps
with densities of ;109−11 cm−3, where hydrogen atoms are
collisionally excited to the n= 2 states and effectively absorb
the AGN continuum at the bluer side of the Balmer limit.
Under these circumstances, the dense gas clump naturally leads
to deep absorption on top of the broad Balmer emission lines,
as observed in JWST AGNs. We further discuss the physical
mechanism of launching dense outflows imprinted in the
blueshifted Balmer absorption and other spectral features of
accreting BHs embedded in dense environments.

2. Balmer Break

To quantify the SED shape of an attenuated incident flux
from the galactic nucleus, we make use of CLOUDY (C17,
G. J. Ferland et al. 2017) to perform line transfer calculations
along with hydrogen level population modeling simulta-
neously. In our model, the incident radiation source is an
AGN (an accretion disk and nonthermal radiation), and its
spectral shape is assumed to be

[ ] ( )/n nµn
a n a-f e rmax , , 1h k T

xuv B bb x

where we set the temperature of the big blue bump to Tbb= 105K,5

the UV and X-ray spectral indices to αuv = −0.5 and αx = −1.5,
and the normalization of rx is adjusted so that the spectral slope
between 2500Å and 2 keV becomes αox = −1.5. The value of
αuv = −0.5 is consistent with that of the low-redshift composite
quasar SED (D. E. Vanden Berk et al. 2001). The X-ray spectral
index would be steeper, as observed in bright quasars at high
redshifts (αx−2; L. Zappacosta et al. 2023); however, our results
are unaffected by the specific value of the index. The flux density
normalization is determined such that the ionization parameter,
U ≡ Φ0/(nHc), falls within- - U2 log 1, where Φ0 is the
ionizing photon number flux, nH is the number density of hydrogen
nuclei, and c is the speed of light. In this study, we adopt

= -Ulog 1.5 as the fiducial choice. Note that the Balmer break
strength varies by ;10%–20% depending on the ionization
parameter within the range. The distance of the gas absorber
derived using =Ulog −1.5 is consistent with the cloud kinematics,
as discussed in Section 4.1. We consider a plane-parallel geometry
of the absorber assuming that individual clouds have a small cross
section. Then, the total SED is calculated by combining the
transmitted and nebular components, with the nebular contribution
scaled by a covering fraction C for gas absorbers within the

Figure 1. Left: AGN SEDs attenuated through a gas slab with a visual extinction of AV = 3 mag with Z = 0.1 Ze. Each curve represents the case with different density
(107 � nH/cm

−3 � 1011) and thickness. With high densities of nH ; 109−11 cm−3, the SEDs show a deep Balmer break at Ål = 3646B,lim . Two vertical lines indicate the
wavelengths (λB,blue = 3600 Å and λB,red = 4000 Å) used to quantify the Balmer break strength. Right: total AGN SEDs, including the nebular emission with a covering
fraction of C= 0.5. For the cases with nH = 109−11 cm−3, the nebular components are shown separately (dashed). The Balmer jump feature of the nebular spectrum weakens
the Balmer break strength in the total SED when dense absorbers with nH  1011 cm−3 surround the AGN with a high covering fraction (C  0.5).

5 The characteristic temperature corresponds to the value measured at
r ∼ 10 rg in an accretion disk around a BH with M• = 107−8 Me accreting
at the Eddington rate, where rg is the Schwarzschild radius. Note that the
surface temperature profile saturates within 10 rg and declines toward the
innermost stable circular orbit, where the torque-free boundary conditions are
imposed (I. D. Novikov & K. S. Thorne 1973).
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Figure 4. The H↵ line profiles with FWHMbroad = 3000 km s�1, FWHMnarrow = 400 km s�1 and r = 0.3. We explore two
cases: b = 150 km s�1, �v = �200 km s�1, and C = 0.5 (left panel) and b = 10 km s�1, �v = +50 km s�1, and C = 0.8
(right panel). The solid and dashed curves show the total H↵ line profile and the broad component with absorption by dense
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resolution (R ⌘ ��/�0 = 1500 and 500) is overlaid, where the source redshift is set to z = 5.

Figure 5. Same as in Figure 4, but illustrating how the line shape changes with the width of the absorption feature, varying
b from 50 km s�1 to 300 km s�1. The other parameters are identical to those used in Figure 4.
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Fig. 1: NIRSpec/PRISM spectrum of The Cli↵ (RUBIES-UDS-154183) at zspec = 3.548. Orange points show NIRCam and MIRI
photometry spanning an observed wavelength range of 0.9 � 18 µm; the inset colour image was constructed using the NIRCam
F115W, F277W and F444W filters and shows the location of the NIRSpec microshutters. Coloured lines are the NIRSpec/PRISM
spectra (rescaled using the median flux at rest-frame [3200 � 3700] Å) of four sources with strong Balmer breaks: two of the most
luminous LRDs in the literature (zspec ⇠ 3 � 5 Labbe et al. 2024; Wang et al. 2024a) and their MIRI detections (Setton et al. 2025),
the triple-imaged LRD at zspec = 7.04 of Furtak et al. (2024), and a massive post-starburst galaxy at zspec = 4.62 (a medium-
resolution NIRSpec spectrum of which was presented by Carnall et al. 2024). Dotted lines indicate the locations of strong emission
line features in the di↵erent spectra as well as the Balmer limit. The Cli↵ shows an exceptionally strong Balmer break, a declining
SED in the rest near-infrared (⇠ 1 � 4 µm), strong H and He i emission lines, but (in comparison to the two luminous LRDs) very
weak metal lines.

1 � 4 keV), LX < 3.5 ⇥ 1042 erg s�1 (rest 4.5 � 9 keV), LX <
6.7 ⇥ 1043 erg s�1 (rest 10 � 30 keV).

3. Spectral properties

The 2D PRISM spectrum of The Cli↵ and its 1D extraction
are shown in Figure 1. The NIRCam and MIRI fluxes are also
overplotted, and demonstrate that the absolute flux calibration
of the NIRSpec spectrum is in good agreement with the pho-
tometry. We further show the rescaled NIRSpec/PRISM spectra
of four sources at zspec > 3 with very strong Balmer breaks:
A2744-45924 (zspec = 4.47 Labbe et al. 2024) and RUBIES-
BLAGN-1 (zspec = 3.10 Wang et al. 2024a) are two of the most
luminous LRDs found to date; the triply-imaged LRD A2744-
QSO1 has the strongest Balmer break observed so far at z > 6
(zspec = 7.04 Furtak et al. 2024); RUBIES-UDS-149494 is a
massive quiescent galaxy at zspec = 4.62 (a medium-resolution
spectrum of which was also presented in Carnall et al. 2024 with
ID PRIMER-EXCELS-117560). Comparing to the other LRDs,
The Cli↵ also shows strong Balmer and Paschen emission lines,
and a blue SED shape in the rest-frame near-infrared (Setton
et al. 2025). Similar to A2744-QSO1, but unlike the most lumi-
nous LRDs, The Cli↵ does not have strong [O iii] �5008 emission
or any other strong metal lines (further quantified in Section 3.2).

3.1. Balmer break

Most strikingly, The Cli↵ stands out for its extremely strong
Balmer break in comparison to the four literature sources. We
quantify this in Figure 2, where we compile a large sample
of LRDs (Furtak et al. 2024; Labbe et al. 2024; Setton et al.
2024; Wang et al. 2024b) and massive quiescent galaxies at
z > 3 (Barrufet et al. 2025; Carnall et al. 2024; de Graa↵
et al. 2025; Glazebrook et al. 2024; Nanayakkara et al. 2024;
Weibel et al. 2024a) with public JWST/NIRSpec spectroscopy
obtained from the DJA. To measure the Balmer break strength
we integrate the spectrum in two tophat filters with wavelength
ranges [3620, 3720] Å and [4000, 4100] Å using pyphot (Foues-
neau 2025), and compute the flux density ratio (in f⌫)1. Er-
ror bars are estimated using 500 random Gaussian draws from
the error spectrum. For reference, we also show the Balmer
break strengths measured from stacks of star-forming galaxies
by Roberts-Borsani et al. (2024).

The Balmer break of The Cli↵ (6.9+2.8
�1.5) is & 2 times stronger

than that of any high-redshift massive quiescent galaxy (< 3.1),
and all high-redshift LRDs with Balmer breaks published to date
(the largest break strength being ⇡ 3.56 for A2744-45924 of

1 This definition di↵ers slightly from Wang et al. (2024a), who used
the same wavelength ranges, but computed the ratio of the median flux
density in f�. However, the definition used here more closely matches
the commonly measured Dn4000 index of Balogh et al. (1999), and also
allows for better estimation of the uncertainty.
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Figure 1: JWST imaging and spectroscopy of MoM-BH*-1. Panel a. 3 ⇥ 300 NIRCam and MIRI images of MoM-BH*-1
spanning 0.9-18 µm. The source is point-like and detected (> 3�) only in the F356W, F444W, and F770W bands, apparently
disappearing in the bluer bands. Panel b. The NIRSpec prism spectrum (navy blue) shows the disappearance is due to an
enormous Balmer break. Key spectral features such as the Balmer series are marked with dashed lines. Panel c. Inset 100 RGB
image shows the almost identical slit positions with which the source was observed with the prism (panel b) and G395M grating
(panel d). Panel d. Deep absorption features in H� and H� are evident in the G395M grating spectra. The location of the central
absorption is consistent across both H�, H� as well as across the prism and grating spectra. The systemic redshift is based on the
[OIII]4960, 5008Å doublet. A representative draw from the emission line model posterior is plotted in dark orange (see Methods).
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Figure 6. Fiducial fit for the PRISM spectrum of the A+C images reduced by the JADES GTO pipeline. Top: Best fit model for Abell 2744-QSO1, where the
UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model
parameters including the UV power-law slope, <, the UV power-law normalization, 1, the normalization of the optical continuum, 5BLR, the covering fraction
of BLR clouds, ⇠ 5 , and the magnitudes of the V-band extinction for the AGN emission, �V. The medians of the distributions are used as the best estimations
and are indicated by the solid red lines.

The remaining parameter is the shape of the AGN SED, for which
we list a range of Eddington ratios in Table 2. To see the impact
of the AGN SED, we performed three fits with different _Edd and
fixed the other C����� parameters to the fiducial values. The fitting
results for each of these cases are shown in Figure B2 of Appendix B.
The overall continuum shapes produced by different models are very

similar. Therefore, we choose _Edd = 0.1 in our following analysis,
also because it is more aligned with the accretion rate inferred by us
in Section 5.1 (_Edd ⇠ 0.05�0.24). We caution that we are not trying
to set a stringent constraint on the Eddington ratio, but rather select a
plausible value. As shown in Figure B2, the main effect of different
Eddington ratios is the strength of the nebular emission, which also
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Figure 6. Fiducial fit for the PRISM spectrum of the A+C images reduced by the JADES GTO pipeline. Top: Best fit model for Abell 2744-QSO1, where the
UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model
parameters including the UV power-law slope, <, the UV power-law normalization, 1, the normalization of the optical continuum, 5BLR, the covering fraction
of BLR clouds, ⇠ 5 , and the magnitudes of the V-band extinction for the AGN emission, �V. The medians of the distributions are used as the best estimations
and are indicated by the solid red lines.

The remaining parameter is the shape of the AGN SED, for which
we list a range of Eddington ratios in Table 2. To see the impact
of the AGN SED, we performed three fits with different _Edd and
fixed the other C����� parameters to the fiducial values. The fitting
results for each of these cases are shown in Figure B2 of Appendix B.
The overall continuum shapes produced by different models are very

similar. Therefore, we choose _Edd = 0.1 in our following analysis,
also because it is more aligned with the accretion rate inferred by us
in Section 5.1 (_Edd ⇠ 0.05�0.24). We caution that we are not trying
to set a stringent constraint on the Eddington ratio, but rather select a
plausible value. As shown in Figure B2, the main effect of different
Eddington ratios is the strength of the nebular emission, which also
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Figure 4. Spectrum and 1� errors of CAPERS-LRD-z9 (gray curve, light gray shading), the best fit host galaxy component
(blue and dashed blue curves), the best fit dense-gas enshrouded AGN component (red and dashed red curves), combined
host+AGN fit (black and dashed black curves), photometry data (dark blue squares and upper limits), and best-fit model
photometry (black points) in the upper panel. The lower panel shows the � residuals of the fit for the spectrum (gray curve)
and photometry (dark blue squares). Note that neither the BAGPIPES stellar model nor the CLOUDY AGN model can match the
strong [O iii]�4363 emission.

To best capture these true systematic uncertainties
and account for the limitations of our PRISM data,
we next compute strong upper and lower limits on
log(MBH/M�). First, we derive an upper bound by
correcting our canonical measurement for dust attenua-
tion. By adopting the estimated reddening of AV,BLR =
1.9+1.3

�1.2 (computed above), we derive a higher black
hole mass of log(MBH/M�) = 8.10 ± 0.40. Using our
AV ⇡ 0.53 from our spectrophotometric fitting, we al-
ternatively compute log(MBH/M�) = 7.70 ± 0.14. Of
these values, we adopt the 1� upper limit on the Balmer
decrement derived value (log(MBH/M�) < 8.5) as a
strong upper limit on the black hole mass.

We also compute a lower limit on the black hole mass
using the H� line luminosity and assuming that the
AGN is accreting at the Eddington rate. For the pur-
poses of computing a lower limit, we conservatively con-
vert the H� luminosity to H↵ luminosity assuming an
unattenuated Case B ratio (H↵/H�=2.86; D. E. Oster-
brock 1989), and use the bolometric correction from J.
Stern & A. Laor (2012) to derive log(MBH/M�) > 6.65.

This method has the benefit of being insensitive to
the measured H� line-width. As such, it remains ro-
bust even if the H� line-width is significantly overesti-
mated due to uncertainties in the e↵ects of the NIR-
Spec/PRISM spectral resolution, or more exotic expla-
nations for line broadening such as electron scattering
(e.g., V. Rusakov et al. 2025).

When considering these upper and lower lim-
its together, we compute systematic bounds on
log(MBH/M�) of 6.65–8.50. However, for ease of com-
parisons to other reported LRD black hole masses in the
literature, we adopt our canonical measurement and its
associated non-systemic error bounds for the remainder
of this work (unless otherwise stated).

4.3. Stellar Mass

Properly estimating the stellar masses of LRDs has
proven enormously di�cult given the unclear origin of
the “v-shaped” spectrum and degeneracies in decompos-
ing the galaxy/AGN contribution (e.g. V. Kokorev et al.
2023; G. Barro et al. 2023; L. J. Furtak et al. 2024; B.
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Figure 4. Spectrum and 1� errors of CAPERS-LRD-z9 (gray curve, light gray shading), the best fit host galaxy component
(blue and dashed blue curves), the best fit dense-gas enshrouded AGN component (red and dashed red curves), combined
host+AGN fit (black and dashed black curves), photometry data (dark blue squares and upper limits), and best-fit model
photometry (black points) in the upper panel. The lower panel shows the � residuals of the fit for the spectrum (gray curve)
and photometry (dark blue squares). Note that neither the BAGPIPES stellar model nor the CLOUDY AGN model can match the
strong [O iii]�4363 emission.

To best capture these true systematic uncertainties
and account for the limitations of our PRISM data,
we next compute strong upper and lower limits on
log(MBH/M�). First, we derive an upper bound by
correcting our canonical measurement for dust attenua-
tion. By adopting the estimated reddening of AV,BLR =
1.9+1.3

�1.2 (computed above), we derive a higher black
hole mass of log(MBH/M�) = 8.10 ± 0.40. Using our
AV ⇡ 0.53 from our spectrophotometric fitting, we al-
ternatively compute log(MBH/M�) = 7.70 ± 0.14. Of
these values, we adopt the 1� upper limit on the Balmer
decrement derived value (log(MBH/M�) < 8.5) as a
strong upper limit on the black hole mass.

We also compute a lower limit on the black hole mass
using the H� line luminosity and assuming that the
AGN is accreting at the Eddington rate. For the pur-
poses of computing a lower limit, we conservatively con-
vert the H� luminosity to H↵ luminosity assuming an
unattenuated Case B ratio (H↵/H�=2.86; D. E. Oster-
brock 1989), and use the bolometric correction from J.
Stern & A. Laor (2012) to derive log(MBH/M�) > 6.65.

This method has the benefit of being insensitive to
the measured H� line-width. As such, it remains ro-
bust even if the H� line-width is significantly overesti-
mated due to uncertainties in the e↵ects of the NIR-
Spec/PRISM spectral resolution, or more exotic expla-
nations for line broadening such as electron scattering
(e.g., V. Rusakov et al. 2025).

When considering these upper and lower lim-
its together, we compute systematic bounds on
log(MBH/M�) of 6.65–8.50. However, for ease of com-
parisons to other reported LRD black hole masses in the
literature, we adopt our canonical measurement and its
associated non-systemic error bounds for the remainder
of this work (unless otherwise stated).

4.3. Stellar Mass

Properly estimating the stellar masses of LRDs has
proven enormously di�cult given the unclear origin of
the “v-shaped” spectrum and degeneracies in decompos-
ing the galaxy/AGN contribution (e.g. V. Kokorev et al.
2023; G. Barro et al. 2023; L. J. Furtak et al. 2024; B.

Taylor+(2025)

• LRDs with prominent Balmer breaks too deep to be stellar origins
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Fig. 1: NIRSpec/PRISM spectrum of The Cli↵ (RUBIES-UDS-154183) at zspec = 3.548. Orange points show NIRCam and MIRI
photometry spanning an observed wavelength range of 0.9 � 18 µm; the inset colour image was constructed using the NIRCam
F115W, F277W and F444W filters and shows the location of the NIRSpec microshutters. Coloured lines are the NIRSpec/PRISM
spectra (rescaled using the median flux at rest-frame [3200 � 3700] Å) of four sources with strong Balmer breaks: two of the most
luminous LRDs in the literature (zspec ⇠ 3 � 5 Labbe et al. 2024; Wang et al. 2024a) and their MIRI detections (Setton et al. 2025),
the triple-imaged LRD at zspec = 7.04 of Furtak et al. (2024), and a massive post-starburst galaxy at zspec = 4.62 (a medium-
resolution NIRSpec spectrum of which was presented by Carnall et al. 2024). Dotted lines indicate the locations of strong emission
line features in the di↵erent spectra as well as the Balmer limit. The Cli↵ shows an exceptionally strong Balmer break, a declining
SED in the rest near-infrared (⇠ 1 � 4 µm), strong H and He i emission lines, but (in comparison to the two luminous LRDs) very
weak metal lines.

1 � 4 keV), LX < 3.5 ⇥ 1042 erg s�1 (rest 4.5 � 9 keV), LX <
6.7 ⇥ 1043 erg s�1 (rest 10 � 30 keV).

3. Spectral properties

The 2D PRISM spectrum of The Cli↵ and its 1D extraction
are shown in Figure 1. The NIRCam and MIRI fluxes are also
overplotted, and demonstrate that the absolute flux calibration
of the NIRSpec spectrum is in good agreement with the pho-
tometry. We further show the rescaled NIRSpec/PRISM spectra
of four sources at zspec > 3 with very strong Balmer breaks:
A2744-45924 (zspec = 4.47 Labbe et al. 2024) and RUBIES-
BLAGN-1 (zspec = 3.10 Wang et al. 2024a) are two of the most
luminous LRDs found to date; the triply-imaged LRD A2744-
QSO1 has the strongest Balmer break observed so far at z > 6
(zspec = 7.04 Furtak et al. 2024); RUBIES-UDS-149494 is a
massive quiescent galaxy at zspec = 4.62 (a medium-resolution
spectrum of which was also presented in Carnall et al. 2024 with
ID PRIMER-EXCELS-117560). Comparing to the other LRDs,
The Cli↵ also shows strong Balmer and Paschen emission lines,
and a blue SED shape in the rest-frame near-infrared (Setton
et al. 2025). Similar to A2744-QSO1, but unlike the most lumi-
nous LRDs, The Cli↵ does not have strong [O iii] �5008 emission
or any other strong metal lines (further quantified in Section 3.2).

3.1. Balmer break

Most strikingly, The Cli↵ stands out for its extremely strong
Balmer break in comparison to the four literature sources. We
quantify this in Figure 2, where we compile a large sample
of LRDs (Furtak et al. 2024; Labbe et al. 2024; Setton et al.
2024; Wang et al. 2024b) and massive quiescent galaxies at
z > 3 (Barrufet et al. 2025; Carnall et al. 2024; de Graa↵
et al. 2025; Glazebrook et al. 2024; Nanayakkara et al. 2024;
Weibel et al. 2024a) with public JWST/NIRSpec spectroscopy
obtained from the DJA. To measure the Balmer break strength
we integrate the spectrum in two tophat filters with wavelength
ranges [3620, 3720] Å and [4000, 4100] Å using pyphot (Foues-
neau 2025), and compute the flux density ratio (in f⌫)1. Er-
ror bars are estimated using 500 random Gaussian draws from
the error spectrum. For reference, we also show the Balmer
break strengths measured from stacks of star-forming galaxies
by Roberts-Borsani et al. (2024).

The Balmer break of The Cli↵ (6.9+2.8
�1.5) is & 2 times stronger

than that of any high-redshift massive quiescent galaxy (< 3.1),
and all high-redshift LRDs with Balmer breaks published to date
(the largest break strength being ⇡ 3.56 for A2744-45924 of

1 This definition di↵ers slightly from Wang et al. (2024a), who used
the same wavelength ranges, but computed the ratio of the median flux
density in f�. However, the definition used here more closely matches
the commonly measured Dn4000 index of Balogh et al. (1999), and also
allows for better estimation of the uncertainty.

Article number, page 4 of 19

F115W
F277W
F444W

H"H#

zspec = 7.7569+/-0.013

b.

c.

d.

a.

Figure 1: JWST imaging and spectroscopy of MoM-BH*-1. Panel a. 3 ⇥ 300 NIRCam and MIRI images of MoM-BH*-1
spanning 0.9-18 µm. The source is point-like and detected (> 3�) only in the F356W, F444W, and F770W bands, apparently
disappearing in the bluer bands. Panel b. The NIRSpec prism spectrum (navy blue) shows the disappearance is due to an
enormous Balmer break. Key spectral features such as the Balmer series are marked with dashed lines. Panel c. Inset 100 RGB
image shows the almost identical slit positions with which the source was observed with the prism (panel b) and G395M grating
(panel d). Panel d. Deep absorption features in H� and H� are evident in the G395M grating spectra. The location of the central
absorption is consistent across both H�, H� as well as across the prism and grating spectra. The systemic redshift is based on the
[OIII]4960, 5008Å doublet. A representative draw from the emission line model posterior is plotted in dark orange (see Methods).
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Figure 6. Fiducial fit for the PRISM spectrum of the A+C images reduced by the JADES GTO pipeline. Top: Best fit model for Abell 2744-QSO1, where the
UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model
parameters including the UV power-law slope, <, the UV power-law normalization, 1, the normalization of the optical continuum, 5BLR, the covering fraction
of BLR clouds, ⇠ 5 , and the magnitudes of the V-band extinction for the AGN emission, �V. The medians of the distributions are used as the best estimations
and are indicated by the solid red lines.

The remaining parameter is the shape of the AGN SED, for which
we list a range of Eddington ratios in Table 2. To see the impact
of the AGN SED, we performed three fits with different _Edd and
fixed the other C����� parameters to the fiducial values. The fitting
results for each of these cases are shown in Figure B2 of Appendix B.
The overall continuum shapes produced by different models are very

similar. Therefore, we choose _Edd = 0.1 in our following analysis,
also because it is more aligned with the accretion rate inferred by us
in Section 5.1 (_Edd ⇠ 0.05�0.24). We caution that we are not trying
to set a stringent constraint on the Eddington ratio, but rather select a
plausible value. As shown in Figure B2, the main effect of different
Eddington ratios is the strength of the nebular emission, which also
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Figure 6. Fiducial fit for the PRISM spectrum of the A+C images reduced by the JADES GTO pipeline. Top: Best fit model for Abell 2744-QSO1, where the
UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model
parameters including the UV power-law slope, <, the UV power-law normalization, 1, the normalization of the optical continuum, 5BLR, the covering fraction
of BLR clouds, ⇠ 5 , and the magnitudes of the V-band extinction for the AGN emission, �V. The medians of the distributions are used as the best estimations
and are indicated by the solid red lines.

The remaining parameter is the shape of the AGN SED, for which
we list a range of Eddington ratios in Table 2. To see the impact
of the AGN SED, we performed three fits with different _Edd and
fixed the other C����� parameters to the fiducial values. The fitting
results for each of these cases are shown in Figure B2 of Appendix B.
The overall continuum shapes produced by different models are very

similar. Therefore, we choose _Edd = 0.1 in our following analysis,
also because it is more aligned with the accretion rate inferred by us
in Section 5.1 (_Edd ⇠ 0.05�0.24). We caution that we are not trying
to set a stringent constraint on the Eddington ratio, but rather select a
plausible value. As shown in Figure B2, the main effect of different
Eddington ratios is the strength of the nebular emission, which also
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Figure 4. Spectrum and 1� errors of CAPERS-LRD-z9 (gray curve, light gray shading), the best fit host galaxy component
(blue and dashed blue curves), the best fit dense-gas enshrouded AGN component (red and dashed red curves), combined
host+AGN fit (black and dashed black curves), photometry data (dark blue squares and upper limits), and best-fit model
photometry (black points) in the upper panel. The lower panel shows the � residuals of the fit for the spectrum (gray curve)
and photometry (dark blue squares). Note that neither the BAGPIPES stellar model nor the CLOUDY AGN model can match the
strong [O iii]�4363 emission.

To best capture these true systematic uncertainties
and account for the limitations of our PRISM data,
we next compute strong upper and lower limits on
log(MBH/M�). First, we derive an upper bound by
correcting our canonical measurement for dust attenua-
tion. By adopting the estimated reddening of AV,BLR =
1.9+1.3

�1.2 (computed above), we derive a higher black
hole mass of log(MBH/M�) = 8.10 ± 0.40. Using our
AV ⇡ 0.53 from our spectrophotometric fitting, we al-
ternatively compute log(MBH/M�) = 7.70 ± 0.14. Of
these values, we adopt the 1� upper limit on the Balmer
decrement derived value (log(MBH/M�) < 8.5) as a
strong upper limit on the black hole mass.

We also compute a lower limit on the black hole mass
using the H� line luminosity and assuming that the
AGN is accreting at the Eddington rate. For the pur-
poses of computing a lower limit, we conservatively con-
vert the H� luminosity to H↵ luminosity assuming an
unattenuated Case B ratio (H↵/H�=2.86; D. E. Oster-
brock 1989), and use the bolometric correction from J.
Stern & A. Laor (2012) to derive log(MBH/M�) > 6.65.

This method has the benefit of being insensitive to
the measured H� line-width. As such, it remains ro-
bust even if the H� line-width is significantly overesti-
mated due to uncertainties in the e↵ects of the NIR-
Spec/PRISM spectral resolution, or more exotic expla-
nations for line broadening such as electron scattering
(e.g., V. Rusakov et al. 2025).

When considering these upper and lower lim-
its together, we compute systematic bounds on
log(MBH/M�) of 6.65–8.50. However, for ease of com-
parisons to other reported LRD black hole masses in the
literature, we adopt our canonical measurement and its
associated non-systemic error bounds for the remainder
of this work (unless otherwise stated).

4.3. Stellar Mass

Properly estimating the stellar masses of LRDs has
proven enormously di�cult given the unclear origin of
the “v-shaped” spectrum and degeneracies in decompos-
ing the galaxy/AGN contribution (e.g. V. Kokorev et al.
2023; G. Barro et al. 2023; L. J. Furtak et al. 2024; B.
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Figure 4. Spectrum and 1� errors of CAPERS-LRD-z9 (gray curve, light gray shading), the best fit host galaxy component
(blue and dashed blue curves), the best fit dense-gas enshrouded AGN component (red and dashed red curves), combined
host+AGN fit (black and dashed black curves), photometry data (dark blue squares and upper limits), and best-fit model
photometry (black points) in the upper panel. The lower panel shows the � residuals of the fit for the spectrum (gray curve)
and photometry (dark blue squares). Note that neither the BAGPIPES stellar model nor the CLOUDY AGN model can match the
strong [O iii]�4363 emission.

To best capture these true systematic uncertainties
and account for the limitations of our PRISM data,
we next compute strong upper and lower limits on
log(MBH/M�). First, we derive an upper bound by
correcting our canonical measurement for dust attenua-
tion. By adopting the estimated reddening of AV,BLR =
1.9+1.3

�1.2 (computed above), we derive a higher black
hole mass of log(MBH/M�) = 8.10 ± 0.40. Using our
AV ⇡ 0.53 from our spectrophotometric fitting, we al-
ternatively compute log(MBH/M�) = 7.70 ± 0.14. Of
these values, we adopt the 1� upper limit on the Balmer
decrement derived value (log(MBH/M�) < 8.5) as a
strong upper limit on the black hole mass.

We also compute a lower limit on the black hole mass
using the H� line luminosity and assuming that the
AGN is accreting at the Eddington rate. For the pur-
poses of computing a lower limit, we conservatively con-
vert the H� luminosity to H↵ luminosity assuming an
unattenuated Case B ratio (H↵/H�=2.86; D. E. Oster-
brock 1989), and use the bolometric correction from J.
Stern & A. Laor (2012) to derive log(MBH/M�) > 6.65.

This method has the benefit of being insensitive to
the measured H� line-width. As such, it remains ro-
bust even if the H� line-width is significantly overesti-
mated due to uncertainties in the e↵ects of the NIR-
Spec/PRISM spectral resolution, or more exotic expla-
nations for line broadening such as electron scattering
(e.g., V. Rusakov et al. 2025).

When considering these upper and lower lim-
its together, we compute systematic bounds on
log(MBH/M�) of 6.65–8.50. However, for ease of com-
parisons to other reported LRD black hole masses in the
literature, we adopt our canonical measurement and its
associated non-systemic error bounds for the remainder
of this work (unless otherwise stated).

4.3. Stellar Mass

Properly estimating the stellar masses of LRDs has
proven enormously di�cult given the unclear origin of
the “v-shaped” spectrum and degeneracies in decompos-
ing the galaxy/AGN contribution (e.g. V. Kokorev et al.
2023; G. Barro et al. 2023; L. J. Furtak et al. 2024; B.

Taylor+(2025)

de Graa↵ et al.: A Balmer Cli↵

Fig. 2: Balmer break strength, measured as the ratio of the mean
flux density in the rest-frame wavelength ranges [3620, 3720] Å
and [4000, 4100] Å from public JWST/NIRSpec data. Grey
squares show the median values of stacks of star-forming galax-
ies from Roberts-Borsani et al. (2024); red markers represent a
compilation of LRDs (Furtak et al. 2024; Labbe et al. 2024; Set-
ton et al. 2024; Wang et al. 2024b); blue markers show a large
sample of massive quiescent galaxies (compiled from Barrufet
et al. 2025; Carnall et al. 2024; de Graa↵ et al. 2025; Glazebrook
et al. 2024; Nanayakkara et al. 2024; Weibel et al. 2024a). The
recently discovered LRD of Naidu et al. (2025), MoM-BH*-1,
is a higher-redshift analogue of The Cli↵ and discussed in Sec-
tion 6.4.

Labbe et al. 2024). The only source (MoM-BH*-1; Naidu et al.
2025) that matches the break strength of The Cli↵ is an LRD that
was discovered at approximately the same time in JWST Cycle
3 program GO-5224 (PIs: Oesch & Naidu), and is discussed in
detail in Section 6.4.

3.2. Emission lines

The spectra reveal a suite of emission lines, primarily Balmer,
Paschen and He i lines. The G395M spectrum covers the rest-
frame wavelength range of 0.64�1.14 µm (2.9�5.2 µm observed;
with the chip gap falling at 4.6�4.8 µm), and therefore kinemati-
cally resolves the H↵ line as well as various Pa features. Figure 3
shows zoomed in wavelength ranges of the strongest emission
lines of both the PRISM and G395M spectra.

The H↵ emission shows a complex, broad and asymmetric
profile. We attribute this asymmetry to a redshifted Balmer ab-
sorption line, a feature that has been observed in several other
LRDs and likely originates from absorbing dense gas clouds
along the line of sight (e.g. Matthee et al. 2024a; Juodžbalis
et al. 2024; D’Eugenio et al. 2025). It is likely that this absorp-
tion is also present in other lines (e.g. He i or H�; Wang et al.
2024a; Ji et al. 2025), but at the current signal-to-noise of the

Fig. 3: Kinematic emission line decomposition from simultane-
ous fitting to PRISM (black) and G395M (grey) spectra. Top:
The H↵ emission and absorption complex is well-described by
a broad Lorentzian profile (blue; FWHM ⇠ 1400 km s�1), with
weaker narrow emission (cyan) as well as redshifted absorption
(purple). The total G395M model and residuals are shown in red.
Bottom: Zoom-ins of other strong H and He features, also reveal-
ing a non-detection of the [O iii] doublet (see Table 1). Although
(where possible) both dispersers were used in the fitting, in the
bottom panels we show only the PRISM model components and
total model (orange).

data (S/N) and available spectral resolution we cannot establish
whether this is the case.

We therefore begin by focusing on the high S/N H↵ line
complex in the G395M spectrum, using the Bayesian emis-
sion line fitting software described in Hviding et al. (in prep.).
Briefly, this builds on our prior fitting methods (as in Wang et al.
2024a,b; de Graa↵ et al. 2024a) and therefore robustly accounts
for the undersampling of the JWST/NIRSpec line spread func-
tion (LSF) through integration of the emission line profiles. The
error spectra are automatically rescaled to match the measured
scatter in the continuum blue- and redward of the emission line.
Moreover, our fitting accounts for calibration uncertainty in the
NIRSpec LSF: we assume the LSF of an idealised point source
from de Graa↵ et al. (2024b), but introduce a nuisance parame-
ter fLSF by which the dispersion is multiplied to model both the
systematic and measurement uncertainty in the LSF; the prior
for this nuisance parameter is a truncated Gaussian centred at
fLSF = 1.2 and dispersion of 0.1, with minimum and maximum
values of [0.9, 1.5]. As in Section 2.1, the probabilistic model is
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Fig. 1: NIRSpec/PRISM spectrum of The Cli↵ (RUBIES-UDS-154183) at zspec = 3.548. Orange points show NIRCam and MIRI
photometry spanning an observed wavelength range of 0.9 � 18 µm; the inset colour image was constructed using the NIRCam
F115W, F277W and F444W filters and shows the location of the NIRSpec microshutters. Coloured lines are the NIRSpec/PRISM
spectra (rescaled using the median flux at rest-frame [3200 � 3700] Å) of four sources with strong Balmer breaks: two of the most
luminous LRDs in the literature (zspec ⇠ 3 � 5 Labbe et al. 2024; Wang et al. 2024a) and their MIRI detections (Setton et al. 2025),
the triple-imaged LRD at zspec = 7.04 of Furtak et al. (2024), and a massive post-starburst galaxy at zspec = 4.62 (a medium-
resolution NIRSpec spectrum of which was presented by Carnall et al. 2024). Dotted lines indicate the locations of strong emission
line features in the di↵erent spectra as well as the Balmer limit. The Cli↵ shows an exceptionally strong Balmer break, a declining
SED in the rest near-infrared (⇠ 1 � 4 µm), strong H and He i emission lines, but (in comparison to the two luminous LRDs) very
weak metal lines.

1 � 4 keV), LX < 3.5 ⇥ 1042 erg s�1 (rest 4.5 � 9 keV), LX <
6.7 ⇥ 1043 erg s�1 (rest 10 � 30 keV).

3. Spectral properties

The 2D PRISM spectrum of The Cli↵ and its 1D extraction
are shown in Figure 1. The NIRCam and MIRI fluxes are also
overplotted, and demonstrate that the absolute flux calibration
of the NIRSpec spectrum is in good agreement with the pho-
tometry. We further show the rescaled NIRSpec/PRISM spectra
of four sources at zspec > 3 with very strong Balmer breaks:
A2744-45924 (zspec = 4.47 Labbe et al. 2024) and RUBIES-
BLAGN-1 (zspec = 3.10 Wang et al. 2024a) are two of the most
luminous LRDs found to date; the triply-imaged LRD A2744-
QSO1 has the strongest Balmer break observed so far at z > 6
(zspec = 7.04 Furtak et al. 2024); RUBIES-UDS-149494 is a
massive quiescent galaxy at zspec = 4.62 (a medium-resolution
spectrum of which was also presented in Carnall et al. 2024 with
ID PRIMER-EXCELS-117560). Comparing to the other LRDs,
The Cli↵ also shows strong Balmer and Paschen emission lines,
and a blue SED shape in the rest-frame near-infrared (Setton
et al. 2025). Similar to A2744-QSO1, but unlike the most lumi-
nous LRDs, The Cli↵ does not have strong [O iii] �5008 emission
or any other strong metal lines (further quantified in Section 3.2).

3.1. Balmer break

Most strikingly, The Cli↵ stands out for its extremely strong
Balmer break in comparison to the four literature sources. We
quantify this in Figure 2, where we compile a large sample
of LRDs (Furtak et al. 2024; Labbe et al. 2024; Setton et al.
2024; Wang et al. 2024b) and massive quiescent galaxies at
z > 3 (Barrufet et al. 2025; Carnall et al. 2024; de Graa↵
et al. 2025; Glazebrook et al. 2024; Nanayakkara et al. 2024;
Weibel et al. 2024a) with public JWST/NIRSpec spectroscopy
obtained from the DJA. To measure the Balmer break strength
we integrate the spectrum in two tophat filters with wavelength
ranges [3620, 3720] Å and [4000, 4100] Å using pyphot (Foues-
neau 2025), and compute the flux density ratio (in f⌫)1. Er-
ror bars are estimated using 500 random Gaussian draws from
the error spectrum. For reference, we also show the Balmer
break strengths measured from stacks of star-forming galaxies
by Roberts-Borsani et al. (2024).

The Balmer break of The Cli↵ (6.9+2.8
�1.5) is & 2 times stronger

than that of any high-redshift massive quiescent galaxy (< 3.1),
and all high-redshift LRDs with Balmer breaks published to date
(the largest break strength being ⇡ 3.56 for A2744-45924 of

1 This definition di↵ers slightly from Wang et al. (2024a), who used
the same wavelength ranges, but computed the ratio of the median flux
density in f�. However, the definition used here more closely matches
the commonly measured Dn4000 index of Balogh et al. (1999), and also
allows for better estimation of the uncertainty.
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Figure 1: JWST imaging and spectroscopy of MoM-BH*-1. Panel a. 3 ⇥ 300 NIRCam and MIRI images of MoM-BH*-1
spanning 0.9-18 µm. The source is point-like and detected (> 3�) only in the F356W, F444W, and F770W bands, apparently
disappearing in the bluer bands. Panel b. The NIRSpec prism spectrum (navy blue) shows the disappearance is due to an
enormous Balmer break. Key spectral features such as the Balmer series are marked with dashed lines. Panel c. Inset 100 RGB
image shows the almost identical slit positions with which the source was observed with the prism (panel b) and G395M grating
(panel d). Panel d. Deep absorption features in H� and H� are evident in the G395M grating spectra. The location of the central
absorption is consistent across both H�, H� as well as across the prism and grating spectra. The systemic redshift is based on the
[OIII]4960, 5008Å doublet. A representative draw from the emission line model posterior is plotted in dark orange (see Methods).
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Figure 6. Fiducial fit for the PRISM spectrum of the A+C images reduced by the JADES GTO pipeline. Top: Best fit model for Abell 2744-QSO1, where the
UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model
parameters including the UV power-law slope, <, the UV power-law normalization, 1, the normalization of the optical continuum, 5BLR, the covering fraction
of BLR clouds, ⇠ 5 , and the magnitudes of the V-band extinction for the AGN emission, �V. The medians of the distributions are used as the best estimations
and are indicated by the solid red lines.

The remaining parameter is the shape of the AGN SED, for which
we list a range of Eddington ratios in Table 2. To see the impact
of the AGN SED, we performed three fits with different _Edd and
fixed the other C����� parameters to the fiducial values. The fitting
results for each of these cases are shown in Figure B2 of Appendix B.
The overall continuum shapes produced by different models are very

similar. Therefore, we choose _Edd = 0.1 in our following analysis,
also because it is more aligned with the accretion rate inferred by us
in Section 5.1 (_Edd ⇠ 0.05�0.24). We caution that we are not trying
to set a stringent constraint on the Eddington ratio, but rather select a
plausible value. As shown in Figure B2, the main effect of different
Eddington ratios is the strength of the nebular emission, which also
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Figure 6. Fiducial fit for the PRISM spectrum of the A+C images reduced by the JADES GTO pipeline. Top: Best fit model for Abell 2744-QSO1, where the
UV component and the optical component are plotted as the dashed line and the dash-dotted line, respectively. Bottom: Posterior distributions of the model
parameters including the UV power-law slope, <, the UV power-law normalization, 1, the normalization of the optical continuum, 5BLR, the covering fraction
of BLR clouds, ⇠ 5 , and the magnitudes of the V-band extinction for the AGN emission, �V. The medians of the distributions are used as the best estimations
and are indicated by the solid red lines.

The remaining parameter is the shape of the AGN SED, for which
we list a range of Eddington ratios in Table 2. To see the impact
of the AGN SED, we performed three fits with different _Edd and
fixed the other C����� parameters to the fiducial values. The fitting
results for each of these cases are shown in Figure B2 of Appendix B.
The overall continuum shapes produced by different models are very

similar. Therefore, we choose _Edd = 0.1 in our following analysis,
also because it is more aligned with the accretion rate inferred by us
in Section 5.1 (_Edd ⇠ 0.05�0.24). We caution that we are not trying
to set a stringent constraint on the Eddington ratio, but rather select a
plausible value. As shown in Figure B2, the main effect of different
Eddington ratios is the strength of the nebular emission, which also
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Figure 4. Spectrum and 1� errors of CAPERS-LRD-z9 (gray curve, light gray shading), the best fit host galaxy component
(blue and dashed blue curves), the best fit dense-gas enshrouded AGN component (red and dashed red curves), combined
host+AGN fit (black and dashed black curves), photometry data (dark blue squares and upper limits), and best-fit model
photometry (black points) in the upper panel. The lower panel shows the � residuals of the fit for the spectrum (gray curve)
and photometry (dark blue squares). Note that neither the BAGPIPES stellar model nor the CLOUDY AGN model can match the
strong [O iii]�4363 emission.

To best capture these true systematic uncertainties
and account for the limitations of our PRISM data,
we next compute strong upper and lower limits on
log(MBH/M�). First, we derive an upper bound by
correcting our canonical measurement for dust attenua-
tion. By adopting the estimated reddening of AV,BLR =
1.9+1.3

�1.2 (computed above), we derive a higher black
hole mass of log(MBH/M�) = 8.10 ± 0.40. Using our
AV ⇡ 0.53 from our spectrophotometric fitting, we al-
ternatively compute log(MBH/M�) = 7.70 ± 0.14. Of
these values, we adopt the 1� upper limit on the Balmer
decrement derived value (log(MBH/M�) < 8.5) as a
strong upper limit on the black hole mass.

We also compute a lower limit on the black hole mass
using the H� line luminosity and assuming that the
AGN is accreting at the Eddington rate. For the pur-
poses of computing a lower limit, we conservatively con-
vert the H� luminosity to H↵ luminosity assuming an
unattenuated Case B ratio (H↵/H�=2.86; D. E. Oster-
brock 1989), and use the bolometric correction from J.
Stern & A. Laor (2012) to derive log(MBH/M�) > 6.65.

This method has the benefit of being insensitive to
the measured H� line-width. As such, it remains ro-
bust even if the H� line-width is significantly overesti-
mated due to uncertainties in the e↵ects of the NIR-
Spec/PRISM spectral resolution, or more exotic expla-
nations for line broadening such as electron scattering
(e.g., V. Rusakov et al. 2025).

When considering these upper and lower lim-
its together, we compute systematic bounds on
log(MBH/M�) of 6.65–8.50. However, for ease of com-
parisons to other reported LRD black hole masses in the
literature, we adopt our canonical measurement and its
associated non-systemic error bounds for the remainder
of this work (unless otherwise stated).

4.3. Stellar Mass

Properly estimating the stellar masses of LRDs has
proven enormously di�cult given the unclear origin of
the “v-shaped” spectrum and degeneracies in decompos-
ing the galaxy/AGN contribution (e.g. V. Kokorev et al.
2023; G. Barro et al. 2023; L. J. Furtak et al. 2024; B.
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Figure 4. Spectrum and 1� errors of CAPERS-LRD-z9 (gray curve, light gray shading), the best fit host galaxy component
(blue and dashed blue curves), the best fit dense-gas enshrouded AGN component (red and dashed red curves), combined
host+AGN fit (black and dashed black curves), photometry data (dark blue squares and upper limits), and best-fit model
photometry (black points) in the upper panel. The lower panel shows the � residuals of the fit for the spectrum (gray curve)
and photometry (dark blue squares). Note that neither the BAGPIPES stellar model nor the CLOUDY AGN model can match the
strong [O iii]�4363 emission.

To best capture these true systematic uncertainties
and account for the limitations of our PRISM data,
we next compute strong upper and lower limits on
log(MBH/M�). First, we derive an upper bound by
correcting our canonical measurement for dust attenua-
tion. By adopting the estimated reddening of AV,BLR =
1.9+1.3

�1.2 (computed above), we derive a higher black
hole mass of log(MBH/M�) = 8.10 ± 0.40. Using our
AV ⇡ 0.53 from our spectrophotometric fitting, we al-
ternatively compute log(MBH/M�) = 7.70 ± 0.14. Of
these values, we adopt the 1� upper limit on the Balmer
decrement derived value (log(MBH/M�) < 8.5) as a
strong upper limit on the black hole mass.

We also compute a lower limit on the black hole mass
using the H� line luminosity and assuming that the
AGN is accreting at the Eddington rate. For the pur-
poses of computing a lower limit, we conservatively con-
vert the H� luminosity to H↵ luminosity assuming an
unattenuated Case B ratio (H↵/H�=2.86; D. E. Oster-
brock 1989), and use the bolometric correction from J.
Stern & A. Laor (2012) to derive log(MBH/M�) > 6.65.

This method has the benefit of being insensitive to
the measured H� line-width. As such, it remains ro-
bust even if the H� line-width is significantly overesti-
mated due to uncertainties in the e↵ects of the NIR-
Spec/PRISM spectral resolution, or more exotic expla-
nations for line broadening such as electron scattering
(e.g., V. Rusakov et al. 2025).

When considering these upper and lower lim-
its together, we compute systematic bounds on
log(MBH/M�) of 6.65–8.50. However, for ease of com-
parisons to other reported LRD black hole masses in the
literature, we adopt our canonical measurement and its
associated non-systemic error bounds for the remainder
of this work (unless otherwise stated).

4.3. Stellar Mass

Properly estimating the stellar masses of LRDs has
proven enormously di�cult given the unclear origin of
the “v-shaped” spectrum and degeneracies in decompos-
ing the galaxy/AGN contribution (e.g. V. Kokorev et al.
2023; G. Barro et al. 2023; L. J. Furtak et al. 2024; B.

Taylor+(2025)

de Graa↵ et al.: A Balmer Cli↵

Fig. 2: Balmer break strength, measured as the ratio of the mean
flux density in the rest-frame wavelength ranges [3620, 3720] Å
and [4000, 4100] Å from public JWST/NIRSpec data. Grey
squares show the median values of stacks of star-forming galax-
ies from Roberts-Borsani et al. (2024); red markers represent a
compilation of LRDs (Furtak et al. 2024; Labbe et al. 2024; Set-
ton et al. 2024; Wang et al. 2024b); blue markers show a large
sample of massive quiescent galaxies (compiled from Barrufet
et al. 2025; Carnall et al. 2024; de Graa↵ et al. 2025; Glazebrook
et al. 2024; Nanayakkara et al. 2024; Weibel et al. 2024a). The
recently discovered LRD of Naidu et al. (2025), MoM-BH*-1,
is a higher-redshift analogue of The Cli↵ and discussed in Sec-
tion 6.4.

Labbe et al. 2024). The only source (MoM-BH*-1; Naidu et al.
2025) that matches the break strength of The Cli↵ is an LRD that
was discovered at approximately the same time in JWST Cycle
3 program GO-5224 (PIs: Oesch & Naidu), and is discussed in
detail in Section 6.4.

3.2. Emission lines

The spectra reveal a suite of emission lines, primarily Balmer,
Paschen and He i lines. The G395M spectrum covers the rest-
frame wavelength range of 0.64�1.14 µm (2.9�5.2 µm observed;
with the chip gap falling at 4.6�4.8 µm), and therefore kinemati-
cally resolves the H↵ line as well as various Pa features. Figure 3
shows zoomed in wavelength ranges of the strongest emission
lines of both the PRISM and G395M spectra.

The H↵ emission shows a complex, broad and asymmetric
profile. We attribute this asymmetry to a redshifted Balmer ab-
sorption line, a feature that has been observed in several other
LRDs and likely originates from absorbing dense gas clouds
along the line of sight (e.g. Matthee et al. 2024a; Juodžbalis
et al. 2024; D’Eugenio et al. 2025). It is likely that this absorp-
tion is also present in other lines (e.g. He i or H�; Wang et al.
2024a; Ji et al. 2025), but at the current signal-to-noise of the

Fig. 3: Kinematic emission line decomposition from simultane-
ous fitting to PRISM (black) and G395M (grey) spectra. Top:
The H↵ emission and absorption complex is well-described by
a broad Lorentzian profile (blue; FWHM ⇠ 1400 km s�1), with
weaker narrow emission (cyan) as well as redshifted absorption
(purple). The total G395M model and residuals are shown in red.
Bottom: Zoom-ins of other strong H and He features, also reveal-
ing a non-detection of the [O iii] doublet (see Table 1). Although
(where possible) both dispersers were used in the fitting, in the
bottom panels we show only the PRISM model components and
total model (orange).

data (S/N) and available spectral resolution we cannot establish
whether this is the case.

We therefore begin by focusing on the high S/N H↵ line
complex in the G395M spectrum, using the Bayesian emis-
sion line fitting software described in Hviding et al. (in prep.).
Briefly, this builds on our prior fitting methods (as in Wang et al.
2024a,b; de Graa↵ et al. 2024a) and therefore robustly accounts
for the undersampling of the JWST/NIRSpec line spread func-
tion (LSF) through integration of the emission line profiles. The
error spectra are automatically rescaled to match the measured
scatter in the continuum blue- and redward of the emission line.
Moreover, our fitting accounts for calibration uncertainty in the
NIRSpec LSF: we assume the LSF of an idealised point source
from de Graa↵ et al. (2024b), but introduce a nuisance parame-
ter fLSF by which the dispersion is multiplied to model both the
systematic and measurement uncertainty in the LSF; the prior
for this nuisance parameter is a truncated Gaussian centred at
fLSF = 1.2 and dispersion of 0.1, with minimum and maximum
values of [0.9, 1.5]. As in Section 2.1, the probabilistic model is
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NH~1023cm-2

NH~1024cm-2Dense gas model
(KI & Maiolino 25)

• LRDs with prominent Balmer breaks too deep to be stellar origins



BH + accreting envelope

• LRD spectral characteristics

- No hot dust (weak NIR emission in MIRI)

- Dense nucleus (Balmer absorption & break)
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dust reddening
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Disk

Dust-reddened AGN



BH + accreting envelope

• LRD spectral characteristics

- No hot dust (weak NIR emission in MIRI)

- Dense nucleus (Balmer absorption & break)

• Optically-thick absorbers (or envelope/cocoon)

- Teff ~ 5000 K due to H- ion opacity (Hayashi track)

- Red optical continuum spectra (the Wien law)

Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25

Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26

(Hayashi 1961; Stahler, Palla & Salpeter 1986)

- Weak infrared continuum spectra (the Rayleigh-Jeans law)
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Figure 3. Left: Model SED for an LRD (black), consisting of two components: a BH envelope with Te↵ = 4300 K with the
Eddington luminosity of a MBH = 5⇥105 M� BH (red), and a 10 Myr-old young starburst with SFR = 1.0 M� yr�1 (blue). The
average photometric SED of z ⇠ 6 LRDs obtained from H. B. Akins et al. (2024) is overlaid for comparison. Right: Model SEDs
of a LRD with a mass ratio of MBH/M?,nuc ' 0.27, 0.15, and 0.08, where the envelope luminosity is assumed to be equivalent to
the BH Eddington luminosity and the stellar age is 10 Myr. The NIRSpec MSA/PRISM spectra of several LRDs normalized at
rest-frame 0.51 µm are overlaid: A2744-QSO1 at z = 7.04 (L. J. Furtak et al. 2024; X. Ji et al. 2025a), MoM-BH⇤-1 at z = 7.76
(R. P. Naidu et al. 2025), RUBIES-UDS-154183 at z = 3.55 (A. de Graa↵ et al. 2025), UNCOVER-45924 at z = 4.47 (I. Labbe
et al. 2024), and CAPERS-LRD-z9 at z = 9.288 (A. J. Taylor et al. 2025b).

where the conversion factor KUV depends on the stel-
lar initial mass function (IMF), metallicity, and stellar
age. For a constant SFR and a Salpeter IMF ranging
from 0.1 to 100 M�, the value at 1500 Å asymptoti-
cally approaches KUV ' 2⇥ 10�10M� yr�1L�1

� for ages
& 300 Myr, and is only weakly dependent on metallicity
for Z = Z� to Z�/50 (P. Madau & M. Dickinson 2014).
Switching to a Kroupa or Chabrier IMF reduces KUV

by 30–40%. A top-heavy IMF (e.g., 50–500 M�) for
metal-free stars (Z = 0) increases the UV output per
unit SFR, yielding KUV ' 0.54 ⇥ 10�10M� yr�1L�1

�
at t & 10 Myr (E. Zackrisson et al. 2011; K. In-
ayoshi et al. 2022; Y. Harikane et al. 2023a). Adopt-
ing KUV,0 = 10�10 M� yr�1L�1

� as our fiducial value
at t & 10 Myr, the UV luminosity becomes as high
as LUV & 3 ⇥ 1043 erg s�1, comparable to typical UV
luminosities (uncorrected for dust) of observed LRDs.
The corresponding stellar mass is M?,nuc = SFRnuct '
1.6⇥ 107⌧1(t/⌧?) M�.
In Figure 2, we mark the halo conditions for Tvir �

106 K (red thick curves). In such halos, the nuclear
region within r  Rnuc sustains a su�ciently high star
formation rate, SFRnuc & 1.0 M� yr�1. This level of
nuclear activity reproduces the UV luminosity observed
in LRDs, LUV & 1010 L�. Additionally, we consider
that the SFR decreases when the halo mass exceed the
shock heating condition, & 1012 M� regardless of stellar
and/or AGN feedback. For quasar-host galaxies (left),

the condition is satisfied at 6 . z . 11, whereas for less
massive halos (right), the corresponding redshift window
shifts to 3 . z . 6 and becomes narrower.

2.3. Composite V-shaped SED of LRDs

Based on the energetics of the red and blue compo-
nents in observed LRD spectra, we consider a model
for the “V-shaped” SEDs that distinguish LRDs from
typical AGNs. The optical component is attributed to
an optically thick, gaseous envelope surrounding the
BH, characterized with a surface temperature Te↵ '

4000–5000 K. In this model, the Wien tail of the black-
body spectrum naturally reproduces the red continuum
without requiring additional dust reddening. The blue
UV component is modeled as emission from a young stel-
lar population formed in the dense nuclear disk, in which
a massive seed BH had already formed. We adopt SED
templates for low-metallicity galaxies (Z = Z�/50) with
a constant SFR and stellar ages of 10� 100 Myr (A. K.
Inoue 2011), assuming a Salpeter IMF over 1–100 M�.
Nebular emission is included under the assumption that
all ionizing photons beyond the Lyman limit are ab-
sorbed and reprocessed into lines (i.e., escape fraction
fesc = 0), thereby maximizing line luminosities. With a
constant SFR, the stellar mass is the product of the SFR
and stellar age. Since the UV continuum is dominated
by short-lived massive stars (tage ' 3�10 Myr), the UV
luminosity per unit SFR saturates at t & a few⇥10 Myr.
In contrast, the optical luminosity increases with stellar

KI, Murase & Kashiyama (2026)

See also Kido+25, deGraaff+25

• LRD spectral characteristics

- No hot dust (weak NIR emission in MIRI)

• Optically-thick absorbers (or envelope/cocoon)

- Teff ~ 5000 K due to H- ion opacity (Hayashi track)

- Red optical continuum spectra (the Wien law)

Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25

Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26

(Hayashi 1961; Stahler, Palla & Salpeter 1986)

- Weak infrared continuum spectra (the Rayleigh-Jeans law)

- Dense nucleus (Balmer absorption & break)
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Sneppen+ (2026)

• LRD spectral characteristics

- No hot dust (weak NIR emission in MIRI)

• Optically-thick absorbers (or envelope/cocoon)

- Teff ~ 5000 K due to H- ion opacity (Hayashi track)

- Red optical continuum spectra (the Wien law)

Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25

Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26

(Hayashi 1961; Stahler, Palla & Salpeter 1986)

- Weak infrared continuum spectra (the Rayleigh-Jeans law)

- Dense nucleus (Balmer absorption & break)

Figure 6: Comparison of the spectra of three extreme LRDs and dust-reddened Sirocco-model
spectra, matched for bolometric luminosity and spectral energy distribution (SED) shape. Left:
the NIRSpec/PRISM spectra (and MIRI F770W photometry) of the noteworthy LRDs, the Cli↵
(upper; ref (6)), MoM-BH*-1 (middle; ref (14)), and the Rosetta Stone (lower; ref (48)). The
Sirocco-model spectra are overplotted and match the SEDs well. Right: The H↵ lines (and Pa�
for the Rosetta Stone) for the NIRSpec grating observations of these sources. The comparison
model lines are from the same Sirocco spectra as shown at left for each object. The Sirocco
models reproduce the detailed line morphologies, including the exponential wings: for the Cli↵,
the model reproduces the mild asymmetry, for MoM-BH*-1 the Sirocco model reproduces
strong zero-velocity absorption, and for the Rosetta Stone the Sirocco model reproduces broad
exponential lines with narrower widths in H↵ than Pa� as discussed in ref (60).
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With radiation transfer calculations
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Figure 2. Left: Comparison of the bolometric luminosities between the BHE model (Lbol, BHE) and dust-reddened AGN
model (Lbol, QSO). The sold, dashed, and dotted lined represent Lbol, BHE/Lbol, QSO = 1.0, 0.1, and 0.01, respectively. Right:
Hertzsprung-Russell diagram for the fiducial LRD sample (red circles) and full sample (open circles), showing e↵ective tem-
peratures and luminosities under the assumption of blackbody spectra. Dotted lines indicate the loci of constant photospheric
radius of Rph = 10�3 and 10�2 pc. The narrow temperature range over Te↵ ' 4500 � 6000 K is consistent with the tip of the
Hayashi track extrapolated from from the locus of red supergiant stars in the Milk Way (shaded region).

dusty QSO models di↵er significantly. Lbol, BHE typi-
cally amounts to only ⇠ 2% of Lbol, QSO. H. B. Akins
et al. (2025) adopt a dusty QSO SED with AV ⇠ 3
for LRDs, so that the strongly attenuated UV emis-
sion is reprocessed into the near-infrared, thereby el-
evating the inferred bolometric output. In contrast,
our BHE model reproduces the optical SED with more
modest dust attenuation, AV ⇠ 1, because the black-
body continuum naturally explains the observed opti-
cal bump. The resulting bolometric correction from the
rest-frame 5100 Å luminosity is ' 4.4 in the BHE model,
slightly smaller than the canonical value of ⇠ 10 com-
monly adopted for local blue quasars (G. T. Richards
et al. 2006). The combination of the reduced dust at-
tenuation at optical wavelengths (flux suppression factor
⇠ 10�0.4(3�1)

' 0.16) and the smaller bolometric correc-
tion for the dust-attenuation–corrected spectrum (fac-
tor ⇠ [4.4 ⇥ 10�0.4]/10 ' 0.18) jointly accounts for the
low normalization, yielding Lbol, BHE ' 0.02Lbol, QSO.
Because the BHE framework replaces the dusty-QSO
interpretation in earlier work and yields substantially
lower bolometric luminosities for LRDs, population-level
quantities such as the luminosity function and the black
hole accretion density should be revised accordingly.
The right panel of Figure 2 shows the bolometric

luminosity and photospheric temperature of LRDs in

the Hertzsprung-Russell (HR) diagram. Most LRDs lie
within a narrow range of Te↵ ' 4500 � 6000 K, con-
sistent with the stellar-atmospheric features expected
in the BHE model. This characteristic temperature
range physically arises from the photospheric condi-
tions governed by H� opacity, as discussed for cool,
inflated gaseous envelopes surrounding rapidly growing
BHs (e.g., K. Inayoshi et al. 2025c; D. Kido et al. 2025;
M. C. Begelman & J. Dexter 2025). By analogy with
red giant stars on the HR diagram, we also indicate the
region obtained by extrapolating the Hayashi track (C.
Hayashi 1961) toward higher luminosities from the locus
of red supergiant stars in the Milk Way. We note that
while the photospheric conditions in the BHE framework
have been discussed analytically (D. Kido et al. 2025;
M. C. Begelman & J. Dexter 2025), many of the de-
tailed structural and thermal properties remain poorly
constrained and will require further investigation.
The photospheric radius, i.e., the outermost layer of

the envelope structure, is estimated from the luminosity
and surface temperature through the Stefan–Boltzmann
law as

Rph ' 0.01 pc

✓
Lbol

1011 L�

◆1/2 ✓
Te↵

5000 K

◆�2

. (5)

• LRD spectral characteristics

- No hot dust (weak NIR emission in MIRI)

• Optically-thick absorbers (or envelope/cocoon)

- Teff ~ 5000 K due to H- ion opacity (Hayashi track)

- Red optical continuum spectra (the Wien law)

Theory: KI+25, Kido+25, H.Liu+25, Begelman & Dexter 25

Observation: Rusakov+25, X.Lin+25, Naidu+25, deGraaff+25, Sneppen+26

(Hayashi 1961; Stahler, Palla & Salpeter 1986)

- Weak infrared continuum spectra (the Rayleigh-Jeans law)

- Dense nucleus (Balmer absorption & break)



Two big problems in 2024-2025

• What is the main power source of LRDs? Stellar or AGN origin?

A. Gas-enshrouded AGNs (or BH envelope, BH*, etc)

A self-consistent explanation of (i) Balmer break and absorption, and 
(ii) red optical and weak infrared continua of LRDs 

• What makes LRDs red without dust?



4. Future perspectives
(with some open discussion)
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Figure 1. The images, multi-wavelength photometry, and LBT/MODS and Magellan/FIRE spectra of the three local LRDs.
The photometric data are shown as the blue squares. The LBT/MODS+ Magellan/FIRE spectra are shown as the black lines.
The spectra are smoothed for display purposes only. The RGB thumbnails are composed of the grz images from the Legacy
Surveys DR10. The red lines show the best-matching LRD templates from the compilation by D. J. Setton et al. (2024). These
templates are JWST/NIRSpec PRISM spectra with their original redshifts labeled, but have been shifted to match the redshift
of each local LRD.
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see also X.Ji et al. (2025b)• BLAGN with a V- and Λ-shaped SED (Teff = 5000K)

• Absorption features seen in stellar atmospheres

Blackbody with Teff~5000K
(Hayashi track)
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Figure 1. The images, multi-wavelength photometry, and LBT/MODS and Magellan/FIRE spectra of the three local LRDs.
The photometric data are shown as the blue squares. The LBT/MODS+ Magellan/FIRE spectra are shown as the black lines.
The spectra are smoothed for display purposes only. The RGB thumbnails are composed of the grz images from the Legacy
Surveys DR10. The red lines show the best-matching LRD templates from the compilation by D. J. Setton et al. (2024). These
templates are JWST/NIRSpec PRISM spectra with their original redshifts labeled, but have been shifted to match the redshift
of each local LRD.
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Figure 5. The H�, H↵, He I �10833, and Pa↵ line profiles of the three local LRDs studied in this work. These line profiles are
from the MODS and FIRE observations, except for the H↵ profile of J1025+1402 and J1022+0841, which are from the Binospec
observations. For emission lines with absorption, the red dashed lines depict the intrinsic profiles without absorption.

spectively. For J1022+0841, the He I �10833 absorber
is well described by a single Gaussian component with
�v = �55 km s�1. They highlight the prevalence of
He I absorption in local LRDs. The He I line is a
resonant transition from the metastable 23S state to
the 23P state. The 23S state can be populated either
through collisional excitation in high-density gas or via
recombination from He+. It remains unclear whether
the He I absorption in LRDs originates in the same
dense clouds responsible for the Balmer absorption (I.
Juodžbalis et al. 2024), where neutral He is collisionally
excited into the 23S state, or instead in lower-density
partially ionized outflows (B. Wang et al. 2025a), where
He is first ionized to He+ and then recombines into the
23S state. Although strong He I recombination lines
(�4473, �5877, �7067) with 23P as the lower state are
detected in all three objects, the origin remains challeng-
ing to robustly constrain, as the emitting and absorb-
ing gas clouds may not spatially co-exist. The complex
kinematics of He I absorbers (Figure 6) may also be at-
tributed to mixed origins.

4.4. Variability

We examine the variability of all three objects in the
optical (grizy) and infrared (WISE W1 and W2) bands.
For the optical grizy bands, we retrieve multi-epoch
PSF-modeled photometry from the Pan-STARRS DR2

Figure 6. Normalized Balmer and He I �10833 absorption
line profiles. For multi-component absorption profiles, the
individual components are shown as the blue dashed lines.

detection catalog. Over 1500 days (⇠1300 days in the
rest frame), we find no significant variability, with ob-
served variation of 0.1–0.2 mag consistent with system-
atic uncertainties as well as the scatter in non-variable
sources (T. Simm et al. 2015). Following J. Lyu et al.
(2019), we construct the WISE W1 (⇠3.4µm) and W2
(⇠4.6µm) band light curves from the WISE and NE-
OWISE (A. Mainzer et al. 2011) missions. In the W1
and W2 bands, we find variations of 0.25–0.5 mag over
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Figure 10. The Na D, K I, and Ca T absorption in the optical spectrum of The Egg (J1025+1402). The normalized profiles of
Na D, K I are from the MODS spectra, and the Ca T is from the FIRE. The Na D profile is fitted with two blended Gaussian
components, while each of the remaining absorbers is fitted with a single Gaussian. The light blue dashed lines indicate the
line centers of metal absorbers, while the blue dotted lines mark their rest-frame wavelengths at the NLR redshift, as defined
by [O III] �5008.

Figure 11. The Ca T absorption EW of The Egg
(J1025+1402) compared to those typically observed in stars,
galaxies, and AGN host galaxies in the local Universe. The
stellar Ca T absorption EWs are compiled from S. V. Mallik
(1997); A. J. Cenarro et al. (2001), and the Ca T absorp-
tion EWs of galaxies and AGNs are compiled from A. Gar-
cia-Rissmann et al. (2005). The Ca T absorption EW and
its uncertainty are shown as the black dashed line and gray
shaded region.

tral regions that favor carbon-hydrogen molecular for-
mation.

6.1.3. The Origin: a Cool Gas Envelope around BHs

Motivated by the unusually high-EW Na D, K I, and
Ca T absorption, along with the simultaneous pres-
ence of other cool-star-like low-ionization absorptions in
The Egg, we propose that these absorption lines orig-
inate from an atmosphere-like gas envelope surround-
ing the central BH. The microphysics of line forma-
tion from stellar atmospheres may likewise apply to this
atmosphere-like gas envelope. A comparison with stel-
lar spectra, therefore, enables us to infer the physical
conditions of the absorbing gas.
In the following, we investigate the EW of Ca T ab-

sorption as a key tracer. Figure 13 places The Egg’s
CaT absorption in the context of stellar atmospheres.
As shown in the left panel of Figure 13, within the stel-
lar catalog presented here (S. V. Mallik 1997; A. J. Ce-
narro et al. 2001), only two metal-rich stars exhibit Ca T
EWs greater than that of The Egg. These two stars are
classified as a G0 Ia yellow supergiant and a G4 0–Ia
yellow hypergiant, with e↵ective temperature (Te↵) of
5500 and 5727 K, surface gravities (log g) of 0.0 and 0.4,
and metallicities [Fe/H] of �0.28 and 0.32, respectively.
The yellow supergiant and hypergiant stars exhibit the

strongest Ca T absorption due to their low surface grav-
ity and their e↵ective temperatures of Te↵ ⇠ 5000 K.
This temperature allows Ca in the atmosphere to ex-
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Figure 12. The Ca T absorption of The Egg (J1025+1402) in the context of stellar Ca T absorption. Left : EWs of stellar
Ca T absorption as a function of the e↵ective temperature (Te↵). The data points are color-coded by the metallicity of the
stellar atmosphere. The range of The Egg’s Ca T absorption within ±1� is indicated by the gray-shaded region. Right: EWs of
stellar Ca T absorption as a function of the surface gravity (log g). The data points are color-coded with Te↵ . Metal-rich stars
([Fe/H]> 0) are shown as the filled circles, and the metal-poor ones ([Fe/H] 0) are shown as the open squares. The empirical
relations between log g and Ca T EW from A. J. Cenarro et al. (2002) are shown: the dashed line corresponds to the relation
for stars with �0.25 < [Fe/H] < 0.25, and the dotted line represents that for stars with [Fe/H] > 0.25.

pirical Ca T EW-log g relation for metal-rich stars with
[Fe/H]>0.25 to match the observed Ca T EW of The
Egg yields an estimated log g of approximately �0.2. If
we assume a slightly lower metallicity ([Fe/H] ⇡ �0.25
to 0.25), the inferred log g would be about �0.4. The
value may be even lower given the low metallicity we
have inferred from the NLR (Section 5.2).
In conclusion, the Ca T absorption in The Egg in-

dicates the presence of a metal-rich cool gas envelope
with low surface gravity (log g < 0). Comparison with
known supergiant and hypergiant stars suggests that the
Te↵ of such an atmosphere is likely around 5000–6000 K.
However, we emphasize that this is a first-order approx-
imation with simplified assumptions; the actual physical
conditions of the absorbing gas may di↵er substantially
from those in stellar atmospheres. In particular, the
mapping between log g and the stellar atmosphere den-
sity (and hence opacity) is based on hydrostatic equilib-
rium, which is not necessarily true for the envelope of
The Egg. Nevertheless, as we argue above, the line for-
mation process mainly depends on the atmospheric tem-
perature and density. The inferred value of log g above
may not reflect the dynamical condition of the enve-
lope, but does suggest that its atmosphere density may
resemble that of very low-surface gravity stars. Stan-
dard stellar photosphere relations imply that log g = 0
at Te↵ = 5000 K corresponds to a photosphere density
of 3⇥10�10 g cm�3 (e.g., C. J. Hansen et al. 2004, their
Equations (4.56)(4.65)). Thus, we expect the photo-

sphere density of The Egg to be on the order of or lower
than 10�10 g cm�3.
We note that the FWHMs of these metal absorbers are

about 300–450 km s�1 (Table 2), significantly broader
than those typically observed in stellar atmospheres. For
instance, Ca T absorption lines in stars are intrinsically
narrow, with FWHMs reaching only up to ⇠70 km s�1

in supergiant stars (A. V. Filippenko & L. C. Ho 2003).
The broad Ca T absorption in The Egg suggests that
the cool gas envelope is turbulent or dynamically com-
plex. A more detailed analysis, incorporating tailored
modeling of the gas properties, is necessary for a com-
prehensive understanding.
We have limited our analysis to the Ca T lines; similar

atmosphere conditions are presumably responsible for
the other absorption lines identified here. However, we
do not perform the same analysis on them due to our
unawareness of dedicated stellar datasets on these lines.
Future characterization of observed stellar spectral lines
combined with analysis of theoretical spectral libraries
can directly test our scenario.

6.2. Optical to IR Continuum: Evidence of
Thermalized Emission

As discussed in §6.1, we find evidence for cool gas en-
velopes that may be analogous to (supergiant or hyper-
giant) stellar atmospheres at ⇠5000 K. In this section,
we investigate the potential application of atmosphere-
like gas envelopes to explain the observed continuum
shape of the local LRDs. A similar comparison con-

Low-ionization metal absorptions (Na D, K I, Ca T,Ti I, etc)

• BLAGN with a V- and Λ-shaped SED (Teff = 5000K)
• Absorption features seen in stellar atmospheres
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Fig. 1: Detection of water absorption in two LRD spectra at 2 < z < 3. a)
The two LRD JWST/Prism spectra with detected water absorption are plotted in blue
and cyan, respectively. Black dashed lines show power-law fits to the continuum (i.e.,
no water absorption) to guide the eyes. Observed M dwarf spectra with varying water
absorption strength are shown in yellow and brown for comparison [21, 22]. We empha-
size that these M dwarf spectra are not fits to the LRD data, but are included solely for
illustrative purposes. The absorption features in LRDs are consistent with the charac-
teristic water bands seen in these stellar spectra. To quantify the absorption in a model
independent way, we define a simple continuum-normalized water absorption index
based on the ratio of flux densities in two narrow rest-frame windows bracketing the
break at 1.310 µm and 1.363 µm (gray vertical bands): rH2O = f�, 1.310/f�, 1.363� 1
(i.e., more negative values indicating stronger absorption). b) Measured water absorp-
tion strength of the LRDs (blue and cyan, shaded area indicate 1� uncertainties)
compared to 0.1 Z� Phoenix stellar models and low-density non-stellar models, across
7 orders of magnitude in densities spanning a range of temperatures. Models above
⇠ 3,000 K fail to produce the observed water absorption, establishing firm evidence
for the existence of low temperature, ⇠ 2,000 K, gas in LRDs.

The detection of water absorption provides direct evidence that at least some of
the reddest LRDs are powered by intrinsically red thermal emission rather than dust-
reddened hot continua. The picture of LRDs as dusty active galactic nuclei is disfavored
as redder color merely corresponds to increasing dust attenuation of an intrinsic hot
surface (> 105 K) which precludes the existence of molecules. The spectral properties
are therefore more consistent with an optically thick envelope of gas that radiates
thermally over a limited range of temperatures, surrounding a central power source
(presumed to be a black hole). This aligns with an emerging set of models for LRDs,
including quasi-stars [10, 26], black hole stars [7, 8], or super-Eddington accretion
[11, 12].
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Fig. 1: Detection of water absorption in two LRD spectra at 2 < z < 3. a)
The two LRD JWST/Prism spectra with detected water absorption are plotted in blue
and cyan, respectively. Black dashed lines show power-law fits to the continuum (i.e.,
no water absorption) to guide the eyes. Observed M dwarf spectra with varying water
absorption strength are shown in yellow and brown for comparison [21, 22]. We empha-
size that these M dwarf spectra are not fits to the LRD data, but are included solely for
illustrative purposes. The absorption features in LRDs are consistent with the charac-
teristic water bands seen in these stellar spectra. To quantify the absorption in a model
independent way, we define a simple continuum-normalized water absorption index
based on the ratio of flux densities in two narrow rest-frame windows bracketing the
break at 1.310 µm and 1.363 µm (gray vertical bands): rH2O = f�, 1.310/f�, 1.363� 1
(i.e., more negative values indicating stronger absorption). b) Measured water absorp-
tion strength of the LRDs (blue and cyan, shaded area indicate 1� uncertainties)
compared to 0.1 Z� Phoenix stellar models and low-density non-stellar models, across
7 orders of magnitude in densities spanning a range of temperatures. Models above
⇠ 3,000 K fail to produce the observed water absorption, establishing firm evidence
for the existence of low temperature, ⇠ 2,000 K, gas in LRDs.

The detection of water absorption provides direct evidence that at least some of
the reddest LRDs are powered by intrinsically red thermal emission rather than dust-
reddened hot continua. The picture of LRDs as dusty active galactic nuclei is disfavored
as redder color merely corresponds to increasing dust attenuation of an intrinsic hot
surface (> 105 K) which precludes the existence of molecules. The spectral properties
are therefore more consistent with an optically thick envelope of gas that radiates
thermally over a limited range of temperatures, surrounding a central power source
(presumed to be a black hole). This aligns with an emerging set of models for LRDs,
including quasi-stars [10, 26], black hole stars [7, 8], or super-Eddington accretion
[11, 12].
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Pulsational instability of supergiant protostars 3039

Figure 2. The interior structure of the accreting 103 M! protostar with
Ṁacc = 1.0 M! yr−1 as a function of the relative radius r/R∗. The lines
present the radial profiles of the enclosed mass (solid), density (dashed) and
temperature (dotted), respectively. The enclosed mass is normalized by the
stellar mass and others are normalized by their central values: ρc = 0.2 g
cm−3 and Tc = 2.1 × 107 K. The vertical line at r/R" % 0.25 denotes the
inner boundary of the convective envelope.

Figure 3. Radial distributions of the work integral W (in an arbitrary unit)
near the stellar surface (T < 3 × 105 K) for Ṁacc = 1.0 M! yr−1. The lines
represent the M∗ = 300 (dotted), 500 (dashed), and 103 M! (solid) stars.
The shaded zones denote the ionization layers of He+, He, and H from left to
right. Open circles mark the transition points, where the thermal time-scale
is equal to the dynamical time-scale, tth = tdyn.

ionization. At 300 and 500 M!, the work integrals are negative at
the surface and the stars are stable. At M∗ = 103 M!, on the other
hand, the work integral at the stellar surface is positive, i.e. the
protostar is pulsationally unstable by the κ mechanism excited in
the He+ ionization layer.

All the work integrals shown in Fig. 3 are constant in the outer
H0 and He0 ionization layers since the radiative energy transport is
efficient enough there. The κ mechanism neither excite nor damp
the pulsation. This can be seen by comparing the following two

time-scales, the cooling time in the layer outside a radius r in the un-
perturbed state (thermal time-scale; e.g. Sonoi & Shibahashi 2011)

tth ≡
∫ R∗

r
4πcP T ρr2 dr

L
, (7)

and the period of the pulsation

tdyn ≡ 2π

σR
. (8)

The open circles in the Fig. 3 indicate the transition points where
the two time-scales equal each other (tth = tdyn). Outside this point,
tth is shorter than tdyn as the density and the specific heat decrease
outwards. We call this region where tth < tdyn as the non-adiabatic
zone. The variation of the work integral is almost zero there because
the entropy is rapidly dissipated during a pulsation period. Thus, the
surface value of the work integral, which determines the pulsational
stability of the star, is fixed at the transition point to the non-adiabatic
zone, where tth = tdyn.

As seen in Fig. 3, the surface value of the work integral W(M∗)
increases with the stellar mass and eventually becomes positive for
!500 M!: the protostar becomes pulsationally unstable. Since the
work integral grows in the He+ ionization layer inside the transition
point but remains constant outside. This increase of the surface value
W(M∗) with the stellar mass can be understood by the concomitant
outward-shift of the transition point, which in turn can be explained
by comparing the two time-scales

tth ∝ R3
∗

L∗
, (9)

and

tdyn ∝

√
R3

∗
M∗

(10)

near the surface. In deriving equation (9), we used the fact that the
term cPTρ in equation (7) changes only slightly for T < 4 × 105 K
in the range 102 M! " M∗ " 103 M!. Note that the dynamical
time-scale (equation 10) has the same dependence as the free-fall
time-scale of the star. Eliminating R∗ and L∗ in equations (9) and
(10) with equation (6) and L∗ % LEdd, we obtain

tdyn

tth
∝ M−1/4

∗ , (11)

the thermal time-scale becomes longer with respect to the dynamical
time-scale near the surface with increasing stellar mass. In other
words, the surface layer becomes more adiabatic: the non-adiabatic
zone on the surface layer becomes thinner and the transition point
moves outwards as seen in Fig. 3. As a result, the surface value of
the work integral increases and the stars become more unstable as
the stellar mass increase.

The growth rate of the pulsation η and the resulting mass-loss
rate Ṁloss are shown in Fig. 4 as a function of the stellar mass.
At M" % 600 M!, the star becomes pulsationally unstable and the
mass-loss rate increases with the stellar mass thereafter. At M∗ %
103 M!, the mass-loss rate reaches 2 × 10−3 M! yr−1, two orders
of magnitude higher than that in the ZAMS case with accretion rate
Ṁacc = 10−3 M! yr−1 (see Section 3.2 below). This is, however,
still lower than the accretion rate by a factor of 500. In the case with
spherical symmetry, therefore, pulsation-driven outflow would be
completely quenched by the rapid accretion. With some angular
momentum, the accretion on to the star proceeds mostly through
a circumstellar disc. In this case, the outflow escapes unhindered
in the polar directions where the stellar surface is not covered by
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these O I lines with JWST/NIRSpec would provide a direct probe of dense, super-Eddington accretion flows around
seed BHs (Inayoshi et al. 2022b).

6. SUMMARY

LRDs are a newly discovered AGN population revealed by deep JWST observations. Their properties, such as
compact morphology, red optical continua, and V-shaped SEDs, di↵er from the canonical AGN framework and have
opened new perspectives on the earliest phases of BH growth. This review summarizes recent progress in understanding
how accreting BHs can reproduce the characteristic LRD features, how their nuclear environments di↵er from those
of normal AGNs, and how forthcoming observations can discriminate among competing scenarios.
JWST spectroscopic observations show that LRDs exhibit broad Balmer emission lines with FWHM & 1, 000 km s�1,

consistent with the presence of accreting BHs with MBH ' 106 � 107 M�. In most cases, the optical luminosity of
LRDs appears di�cult to explain with stellar emission alone, although young stellar populations may still contribute
to the UV continuum. The coexistence of broad emission with Balmer absorption and prominent Balmer breaks
implies that the nuclear regions are heavily embedded in a dense gaseous medium with a high covering fraction. One
promising interpretation is that LRDs host gas-enshrouded AGNs. In this scenario, a dense, potentially clumpy, gaseous
envelope around the nucleus provides both gas attenuation and thermal self-emission with an e↵ective temperature of
Te↵ ' 5000 K. The resulting continuum emission accounts for the red optical and flat NIR spectra without requiring
substantial dust reddening. Such a configuration also explains Balmer absorption and weak (short-term) variability,
o↵ering a possible connection to super-Eddington accretion episodes.
From both their spectral properties and their cosmic abundance evolution (rising from z > 10 toward z ⇠ 6� 7 and

declining to lower redshifts), LRDs can be interpreted as a transient phase in early BH growth, possibly corresponding
to the first one or two accretion episodes of newborn BHs. As such, they may represent the long-sought missing link
between BH seed formation and the emergence of luminous quasars.
Future observations will be crucial to test these scenarios. Improved monitoring campaigns to probe long-term

variability, IFU observations to resolve nuclear gas kinematics and to map the spatial distribution of diagnostic
emission lines, and clustering analysis of LRDs will provide key diagnostics of the central engine and its environment.
In addition, polarization measurements, searches for post-LRD descendants, and studies of local analogs will o↵er
complementary constraints on their physical nature. High-resolution spectroscopy and multi-wavelength campaigns
with JWST, ALMA, and next-generation facilities will further constrain their energetics, metallicity, and feedback
signatures. Finally, joint observations with future gravitational-wave experiments may probe the emergence of the
earliest BHs, including channels involving non-baryonic origins.

P ' 17.3 yr

✓
L

1011 L�

◆1/4 ✓ Te↵

5000 K

◆�3

(10)
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Quadruply imaged LRD with ~100 yr variability
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Figure 1: JWST NIRCam color composite image of the galaxy cluster RXC J2211–0350.

Thanks to strong gravitational lensing, two multiply-imaged LRDs, dubbed RX1 and RX2, are

identified, both with photometric redshifts of I = 4.3. The four images of RX1 are marked by

red circles (1.1-1.4), and the five images of RX2 are marked by orange hexagons (2.1-2.5). The

left (red) and right (orange) panels show zoom-in cutouts for each of these lensed images. In each

cutout, the image name is given in the top left, the magnification (`; negative value indicates that

the image parity is reversed and the image orientation is flipped) calculated from our cluster mass

model is in the top right, the measured F444W-band magnitude (not corrected for magnification)

is in the bottom left, and the inferred time delay (�C in days) is in the bottom right.
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Figure 3: SED modeling, light curve modeling, and )eff-!BB evolution of R2211-RX1. (A)

Intrinsic SED and best-fit models for the four multiple images of R2211-RX1. Filled/open circles

mark fitted/excluded (potentially affected by strong emission lines) bands. The dashed colored

lines show the best-fit single-temperature blackbody + shared power law (black dotted line). (B)

)eff versus !BB for the four images of R2211-RX1. The solid gray line connects the four images

ordered by their relative time delays. The dashed black line indicates the best-fit power-law scaling

!BB / )4.9±1.0
eff . Colored dots denote the evolutionary sequence derived from the light curve fitting

in (C), showing a clockwise progression in chronological order. We also show the )eff-!BB circle of

a Cepheid with mean )eff and !BB scaled and color matched to the phase of the LRD circle. Dashed

gray curves denote loci of constant blackbody radius. (C) Light curve fitting results of R2211-RX1.

Multi-band light-curve fits (delensed flux in nJy) with best-fit amplitude, phase, and j2
a marked in

each band. The total j2
a is indicated in the upper left of the F444W band panel. Vertical lines in the

top panel mark the 40 epochs sampled at one-year intervals, with colors corresponding to those in

(B).
15
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Figure 3: SED modeling, light curve modeling, and )eff-!BB evolution of R2211-RX1. (A)

Intrinsic SED and best-fit models for the four multiple images of R2211-RX1. Filled/open circles

mark fitted/excluded (potentially affected by strong emission lines) bands. The dashed colored

lines show the best-fit single-temperature blackbody + shared power law (black dotted line). (B)

)eff versus !BB for the four images of R2211-RX1. The solid gray line connects the four images

ordered by their relative time delays. The dashed black line indicates the best-fit power-law scaling

!BB / )4.9±1.0
eff . Colored dots denote the evolutionary sequence derived from the light curve fitting

in (C), showing a clockwise progression in chronological order. We also show the )eff-!BB circle of

a Cepheid with mean )eff and !BB scaled and color matched to the phase of the LRD circle. Dashed

gray curves denote loci of constant blackbody radius. (C) Light curve fitting results of R2211-RX1.

Multi-band light-curve fits (delensed flux in nJy) with best-fit amplitude, phase, and j2
a marked in

each band. The total j2
a is indicated in the upper left of the F444W band panel. Vertical lines in the

top panel mark the 40 epochs sampled at one-year intervals, with colors corresponding to those in

(B).
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UV continuum and Balmer lines in LRDs 5

Figure 2. Sample selection in this work. (a) we select LRDs with V-shaped continua from spectroscopically-confirmed broad
H↵ line emitters at 5 < zspec < 7.2 in the �opt-�UV diagram. Thick black lines define the color window for LRDs. As a control
sample, we also select blue normal AGNs without the V-shaped continuum in this color-color diagram. (b) an example of sample
LRD, which taken as part of the CAPERS program (GO-6368; PI: Dickinson). The top panel presents the NIRSpec/Prism
spectrum, and the bottom panel shows the H↵ line profile. The best-fit line profiles with narrow, unresolved component fit
(orange) and broad+narrow components fit (blue) are shown, and the noise-normalized residual for each case is presented in
the lower sub-panel. (c) same as panel (b) but for an example of the LBDs, taken as part of CEERS program (S. L. Finkelstein
et al. 2025).

rp = 0.83 and p = 3.5 ⇥ 10�8. The median luminosity
ratio is 16±8, which is again consistent with young star-
burst galaxies rather than normal AGN BLRs (⇠ 70).
LBDs also show clear correlations between the UV

continuum and H↵ luminosities, though, the UV-to-
H↵ luminosity ratios in LBDs di↵er systematically from
those in LRDs, and the nature of the di↵erence depends
on whether the narrow or broad H↵ component is con-
sidered. For the narrow H↵ component, the UV-to-
H↵ ratios in LBDs are broadly consistent with those
expected for young starburst galaxies, but with larger
scatter than observed in LRDs (hLUV/LH↵i = 37± 10).
Moreover, the relation is slightly shifted closer to that
expected for AGN narrow-line emission, suggesting that
AGN-powered emission makes some contribution to the
narrow H↵ lines in LBDs. By contrast, the broad H↵

component in LBDs follows a fundamentally di↵erent re-
lation. Its UV-to-H↵ luminosity ratios (hLUV/LH↵i =
68± 15) are incompatible with those of young starburst
galaxies (⇠ 26) and instead closely match the relation
observed for broad lines in local Type 1 AGNs (⇠ 70).
The fact that the fundamental di↵erence between

LRDs and LBDs emerges exclusively in the broad H↵

component strongly suggests a connection between the
engine of BLRs and the presence of optical red continua
characterizing V-shaped spectra in LRDs. The p-value
from the Kolmogorov-Smirnov test comparing the UV-
to-H↵ broad line luminosity ratios in LRDs versus in

LBDs is 3.6⇥10�4, and thus the energy balance between
UV and broad H↵ lines is statistically di↵erent depend-
ing on the presence of V-shaped continuum. Note that
this statistical di↵erence holds regardless of the dust at-
tenuation correction, and the p-value when comparing
the luminosity ratios among the two populations be-
fore dust attenuation correction is 9.6⇥ 10�5. As men-
tioned above, moreover, the UV-to-H↵ luminosity ratios
are typically similar to those in young star-burst galax-
ies for sources with V-shaped continuum (LRDs) while
their ratios become consistent with BLRs in local Type 1
AGNs for sources without V-shaped continuum (LBDs).
If this red continua originate from a dense gaseous en-
velope around a growing BH, the results imply that the
ionizing source of the broad-line clouds transitions from
stellar radiation in LRDs to accretion-disk radiation in
LBDs, marking a qualitative change in the nature of the
central power source (Table 1).

3.2. Lyman-alpha emission in LRDs and LBDs

We also examine the Ly↵ emission lines in the sample
broad line emitters. Since Ly↵ is a resonance line, Ly↵
photons are unlikely to escape through a dense gas en-
velope. Therefore, the Ly↵ occurrence rate and the line
strength provide a useful diagnostic of the origin of (nar-
row) hydrogen recombination lines. We use the best-fit
power-law for the UV continuum (obtained in Section 2)
as the continuum baseline around the Ly↵ emission, and
we model the Ly↵ line with a single Gaussian on top

Asada, KI+(2026)

see also Sun+(2026)
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A transition from LRDs to normal AGNs (LBDs) in the later epochs
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Figure 2. Sample selection in this work. (a) we select LRDs with V-shaped continua from spectroscopically-confirmed broad
H↵ line emitters at 5 < zspec < 7.2 in the �opt-�UV diagram. Thick black lines define the color window for LRDs. As a control
sample, we also select blue normal AGNs without the V-shaped continuum in this color-color diagram. (b) an example of sample
LRD, which taken as part of the CAPERS program (GO-6368; PI: Dickinson). The top panel presents the NIRSpec/Prism
spectrum, and the bottom panel shows the H↵ line profile. The best-fit line profiles with narrow, unresolved component fit
(orange) and broad+narrow components fit (blue) are shown, and the noise-normalized residual for each case is presented in
the lower sub-panel. (c) same as panel (b) but for an example of the LBDs, taken as part of CEERS program (S. L. Finkelstein
et al. 2025).

rp = 0.83 and p = 3.5 ⇥ 10�8. The median luminosity
ratio is 16±8, which is again consistent with young star-
burst galaxies rather than normal AGN BLRs (⇠ 70).
LBDs also show clear correlations between the UV

continuum and H↵ luminosities, though, the UV-to-
H↵ luminosity ratios in LBDs di↵er systematically from
those in LRDs, and the nature of the di↵erence depends
on whether the narrow or broad H↵ component is con-
sidered. For the narrow H↵ component, the UV-to-
H↵ ratios in LBDs are broadly consistent with those
expected for young starburst galaxies, but with larger
scatter than observed in LRDs (hLUV/LH↵i = 37± 10).
Moreover, the relation is slightly shifted closer to that
expected for AGN narrow-line emission, suggesting that
AGN-powered emission makes some contribution to the
narrow H↵ lines in LBDs. By contrast, the broad H↵

component in LBDs follows a fundamentally di↵erent re-
lation. Its UV-to-H↵ luminosity ratios (hLUV/LH↵i =
68± 15) are incompatible with those of young starburst
galaxies (⇠ 26) and instead closely match the relation
observed for broad lines in local Type 1 AGNs (⇠ 70).
The fact that the fundamental di↵erence between

LRDs and LBDs emerges exclusively in the broad H↵

component strongly suggests a connection between the
engine of BLRs and the presence of optical red continua
characterizing V-shaped spectra in LRDs. The p-value
from the Kolmogorov-Smirnov test comparing the UV-
to-H↵ broad line luminosity ratios in LRDs versus in

LBDs is 3.6⇥10�4, and thus the energy balance between
UV and broad H↵ lines is statistically di↵erent depend-
ing on the presence of V-shaped continuum. Note that
this statistical di↵erence holds regardless of the dust at-
tenuation correction, and the p-value when comparing
the luminosity ratios among the two populations be-
fore dust attenuation correction is 9.6⇥ 10�5. As men-
tioned above, moreover, the UV-to-H↵ luminosity ratios
are typically similar to those in young star-burst galax-
ies for sources with V-shaped continuum (LRDs) while
their ratios become consistent with BLRs in local Type 1
AGNs for sources without V-shaped continuum (LBDs).
If this red continua originate from a dense gaseous en-
velope around a growing BH, the results imply that the
ionizing source of the broad-line clouds transitions from
stellar radiation in LRDs to accretion-disk radiation in
LBDs, marking a qualitative change in the nature of the
central power source (Table 1).

3.2. Lyman-alpha emission in LRDs and LBDs

We also examine the Ly↵ emission lines in the sample
broad line emitters. Since Ly↵ is a resonance line, Ly↵
photons are unlikely to escape through a dense gas en-
velope. Therefore, the Ly↵ occurrence rate and the line
strength provide a useful diagnostic of the origin of (nar-
row) hydrogen recombination lines. We use the best-fit
power-law for the UV continuum (obtained in Section 2)
as the continuum baseline around the Ly↵ emission, and
we model the Ly↵ line with a single Gaussian on top
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Figure 2. Sample selection in this work. (a) we select LRDs with V-shaped continua from spectroscopically-confirmed broad
H↵ line emitters at 5 < zspec < 7.2 in the �opt-�UV diagram. Thick black lines define the color window for LRDs. As a control
sample, we also select blue normal AGNs without the V-shaped continuum in this color-color diagram. (b) an example of sample
LRD, which taken as part of the CAPERS program (GO-6368; PI: Dickinson). The top panel presents the NIRSpec/Prism
spectrum, and the bottom panel shows the H↵ line profile. The best-fit line profiles with narrow, unresolved component fit
(orange) and broad+narrow components fit (blue) are shown, and the noise-normalized residual for each case is presented in
the lower sub-panel. (c) same as panel (b) but for an example of the LBDs, taken as part of CEERS program (S. L. Finkelstein
et al. 2025).

rp = 0.83 and p = 3.5 ⇥ 10�8. The median luminosity
ratio is 16±8, which is again consistent with young star-
burst galaxies rather than normal AGN BLRs (⇠ 70).
LBDs also show clear correlations between the UV

continuum and H↵ luminosities, though, the UV-to-
H↵ luminosity ratios in LBDs di↵er systematically from
those in LRDs, and the nature of the di↵erence depends
on whether the narrow or broad H↵ component is con-
sidered. For the narrow H↵ component, the UV-to-
H↵ ratios in LBDs are broadly consistent with those
expected for young starburst galaxies, but with larger
scatter than observed in LRDs (hLUV/LH↵i = 37± 10).
Moreover, the relation is slightly shifted closer to that
expected for AGN narrow-line emission, suggesting that
AGN-powered emission makes some contribution to the
narrow H↵ lines in LBDs. By contrast, the broad H↵

component in LBDs follows a fundamentally di↵erent re-
lation. Its UV-to-H↵ luminosity ratios (hLUV/LH↵i =
68± 15) are incompatible with those of young starburst
galaxies (⇠ 26) and instead closely match the relation
observed for broad lines in local Type 1 AGNs (⇠ 70).
The fact that the fundamental di↵erence between

LRDs and LBDs emerges exclusively in the broad H↵

component strongly suggests a connection between the
engine of BLRs and the presence of optical red continua
characterizing V-shaped spectra in LRDs. The p-value
from the Kolmogorov-Smirnov test comparing the UV-
to-H↵ broad line luminosity ratios in LRDs versus in

LBDs is 3.6⇥10�4, and thus the energy balance between
UV and broad H↵ lines is statistically di↵erent depend-
ing on the presence of V-shaped continuum. Note that
this statistical di↵erence holds regardless of the dust at-
tenuation correction, and the p-value when comparing
the luminosity ratios among the two populations be-
fore dust attenuation correction is 9.6⇥ 10�5. As men-
tioned above, moreover, the UV-to-H↵ luminosity ratios
are typically similar to those in young star-burst galax-
ies for sources with V-shaped continuum (LRDs) while
their ratios become consistent with BLRs in local Type 1
AGNs for sources without V-shaped continuum (LBDs).
If this red continua originate from a dense gaseous en-
velope around a growing BH, the results imply that the
ionizing source of the broad-line clouds transitions from
stellar radiation in LRDs to accretion-disk radiation in
LBDs, marking a qualitative change in the nature of the
central power source (Table 1).

3.2. Lyman-alpha emission in LRDs and LBDs

We also examine the Ly↵ emission lines in the sample
broad line emitters. Since Ly↵ is a resonance line, Ly↵
photons are unlikely to escape through a dense gas en-
velope. Therefore, the Ly↵ occurrence rate and the line
strength provide a useful diagnostic of the origin of (nar-
row) hydrogen recombination lines. We use the best-fit
power-law for the UV continuum (obtained in Section 2)
as the continuum baseline around the Ly↵ emission, and
we model the Ly↵ line with a single Gaussian on top
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Transient behavior of LRD populations

A transition from LRDs to normal AGNs (LBDs) in the later epochs 
through envelope feeding and SN/AGN feedback (?)

see also
Kocevski+(2025)  
Y.Ma+(2025)
Tanaka+(2025)
M.Zhuang+(2025)
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A missing link between seeds and QSOs

L110 K. Inayoshi, K. Omukai and E. Tasker

instability if the gravitational collapse is delayed, a process possi-
ble due to turbulence generated during the virialization of the halo.
If the thermal instability occurs, the cloud can fragment into many
smaller mass clumps instead of forming a single SMS. We therefore
simulate the collapse to determine the likelihood of the outcome be-
ing a monolithic collapse to a single star or fragmentation into a
binary or multiple member system.

2 M E T H O D O L O G Y

We performed a three-dimensional hydrodynamical simulation of
the gravitational collapse of a primordial-gas cloud using the adap-
tive mesh refinement code, ENZO (Bryan et al. 2014). Our main
purpose is to investigate the gas dynamics over a wide range
of the densities (10−21 ! ρ ! 10−7 g cm−3). The cloud initially
has a spherically symmetric density profile enhanced by a fac-
tor f (=1.6) above the critical Bonnor–Ebert (BE) distribution, an
isothermal sphere embedded in a pressurized medium and supported
in marginal hydrostatic equilibrium against gravitational collapse.
According to cosmological simulations (e.g. Wise et al. 2008), at
the centre of a first galaxy with virial temperature "104 K, forming
in an environment where the H2 formation is suppressed, a warm
(T ∼ 8000 K) cloud with ∼105 M# becomes gravitationally unsta-
ble at ρ ∼ 10−20 g cm−3 and collapses. Based on this, we set the
central density and temperature of the cloud to ρc = 1.67 × 10−20 g
cm−3 and T = 8000 K, giving a mass and radius of 1.17 × 105 M#
and 10.8 pc, respectively. Although we here do not impose an exter-
nal FUV radiation, H2 is collisionally dissociated for ρ " 10−20 g
cm−3 and T " 6000 K. Note that we neglect the dark-matter grav-
ity since the cloud is already bound by the self-gravity of its gas.
Our simulation box size is (50 pc)3 and refinement is controlled by
insisting that one Jeans length is resolved by at least 64 grid cells
(e.g. Turk et al. 2012). Under this condition, the simulation uses 23
out of the allowed 25 refinement levels, ensuring we are resolved
by the above criteria at all times and giving a limiting resolution of
!0.1 au.

The development of turbulence in the central region of forming
first galaxies has been suggested by numerical simulations (e.g.
Wise & Abel 2007; Greif et al. 2008). In the initial phase of col-
lapse with ∼10−20 g cm−3, the turbulence is still subsonic in the
cloud. To consider the density and velocity perturbations due to the
turbulence, we initially impose a subsonic velocity field (the root
mean square of the velocity is set to 0.1cs) with power spectrum
P(k) ∝ k−4, which corresponds to the so-called Larson’s law for
the contemporary star-forming regions (Larson 1981). To ensure
that the turbulence is adequately resolved, we select the maximum
k-mode value of 1/10 of the number of cells across the cloud.

We consider the non-equilibrium primordial chemistry of 9
species (H, H2, e−, H+, H+

2 , H−, He, He+, and He++) and 13 hy-
drogen reactions selected to reproduce the correct thermal/chemical
evolution of the warm atomic-cooling cloud (reactions 3, 4, 7−10,
12, 15−18, 28, and 32 in table 2 of Omukai 2001). We adopt
the reaction rate coefficients updated by the following studies: 7–
10 (Coppola et al. 2011), 15 (Martin, Schwarz & Mandy 1996),
17 (Stibbe & Tennyson 1999), and 28 (Ferland et al. 1992). The
four helium reactions originally included in ENZO are also present,
although they are not relevant in our calculation. We initially as-
sume a uniform distribution of ionization degree with 10−4 and H2

molecular fraction with 10−7, respectively (e.g. Shang et al. 2010).
At high density, the chemical reactions proceed faster than the cloud
collapse and chemical equilibrium is achieved. To smoothly con-
nect the non-equilibrium chemistry to that of equilibrium, we solve

the chemical network including both the forward and reverse re-
actions for dominant processes. To solve the chemistry equations,
we employ the piecewise exact solution method (Inoue & Inutsuka
2008) instead of the original ENZO solver, which cannot follow the
chemical evolution with high enough density to reach the chemical
equilibrium. For the radiative cooling, we consider atomic cool-
ing (H Lyα, two-photon emission, and H− free–bound, free–free
emission) and H2 cooling (rovibrational line and collision-induced
emission). We also include the suppression of the cooling rate in the
optically thick case by using the optical depth estimated as ρκLc

(e.g. Omukai 2001; Shang et al. 2010), where κ includes the H2-line
opacity and the Rosseland mean opacity considering the H Rayleigh
scattering, the H2 collision-induced absorption, and the H− bound-
free and free–free absorption, and Lc the size of the central core,
which is approximately given by the Jeans length for the spherically
symmetric cloud in the runaway collapse. Finally, note that we do
not include the heating/cooling associated with the chemical reac-
tions because their effect is negligible during the thermal evolution
of the atomic-cooling clouds.

3 R ESULTS

Fig. 1 shows the density distribution at the end of the simulation,
where the central density reaches ∼10−7 g cm−3, for four different
spatial scales; from the top-left clockwise, large-scale gas distri-
bution (∼1 pc), the collapsing core (∼0.1 pc), the central ∼100 au
region, and the protostar formed at the centre (∼10 au). The central
portion of the cloud undergoes the runaway collapse. The turbu-
lence forms filamentary structures that channel material into the
central region (ρ ∼ 10−8 g cm−3), feeding the protostar. The left-
bottom panel presents the density distribution around the protostar.
At the end of this simulation, the protostellar mass reaches &1 M#
and its radius &2 au. These values are consistent with the result
of the stellar-structure calculation by Hosokawa et al. (2012), who
assumed a steady and spherical accretion.

Fig. 2 shows the evolution of mass-weighted radial profiles of
(a) density, (b) temperature, and (c) H2 fraction. During collapse,

Figure 1. Density distribution in the plane through the density peak for
four spatial scales: from top-left, clockwise: the large-scale gas distribu-
tion (∼1 pc), a collapsing core by the H− free–bound continuum cooling
(∼0.1 pc), the central region around the protostar (∼100 au), and the final
protostar (∼10 au).
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Figure 1. False color stamps of the 20 BL H↵ emitters at z = 4.2� 5.5 identified in this work ordered by their

broad-to-total H↵ luminosity ratio, from top-left to bottom-right. For the EIGER sample (J*) we used JWST imaging

data in the F115W/F200W/F356W filters, while F182M/F210M/F444W was used in the FRESCO sample (GOODS-*). We

use a high stretch to highlight colour di↵erences between various components. BL H↵ emitters stand out as red point sources.

Blue companion galaxies can be identified in a large fraction of the EIGER sample with the deepest imaging data.

3.1. Selection criteria

For a systematic search of broad line H↵ emitters, we
inspected spectra for all sources with at least one emis-
sion line in the EIGER and FRESCO data. To identify
candidate broad line emitters, we fit their emission-line
profiles with a combination of a narrow and a broad
emission-line (see §3.4 for details). We then inspect
all objects for which the broad component is identi-
fied with S/N> 5 in order to determine whether these
are consistent with being H↵ emitters at z ⇡ 5 and
whether the broad component is not included to ac-
count for the spatial extent of the object along the dis-
persion direction. In order to facilitate the determina-
tion of the origin of the broad component, we limit our-

selves to broad components with full width half max-
imum vFWHM,H↵,broad > 1000 km s�1. Finally, in or-
der to mitigate the impact of the wavelength-dependent
sensitivity of our data, we impose a conservative lower
limit to the H↵ luminosity of the broad component
LH↵,broad > 2 ⇥ 1042 erg s�1. The selection criteria
are summarised in Equation 1.

S/NH↵,broad > 5,

LH↵,broad > 2⇥ 1042 erg s�1
,

vFWHM,H↵,broad > 1000 km s�1
.

(1)

We identify 20 BL H↵ emitters in this work, whose
false-color stamps we show in Fig. 1. The majority of

Seed BH formation 
(z>10-20)

LRD phases 
(Z~4-8)

AGNs 
(z<4-6)

• First accretion episodes of seed BHs = LRDs

• LRD’s spectral characteristics related to dense gas 

• Disappearance LRD’s features in later episodes (dust, X-rays, hosts)

KI, Omukai & Tasker (2014) Matthee+ (2024)



Summary

An illustration by Chat-GPT

• A newly type of BLAGNs with v-shape UV-optical SED, 
and weak IR, X-rays, radio emission

What are Little Red Dots (LRDs)?

• Heavy BH seeds form in overdense regions and can 
growth via transient super-Eddington accretion

• Gas-enshrouded AGNs explain co-existence of Balmer 
absorption and beak, and other key LRD’s properties

(Some) Theoretical interpretations

Welcome to LRD business!
similar to quasar discovery in 1960s


