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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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     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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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is zgrism = 11.09+0.08

�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the
measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J125 � H160 > 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent

Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

§ 12 orbits of HST grism spectra with 
WFC3/IR


§ Detect UV continuum (at 5.5σ) and a 
break at λ > 1.47 µm


§ Rule out potential lower redshift 
solutions (quiescent galaxy at z~2 or 
strong emission line source)


§ Best-fit redshift: z=11.09+-0.10

Oesch+16 

Most distant source ever seen  
Build-up of massive galaxies well underway at 400 Myr after Big Bang

GN-z10-1 ➔ GN-z11

GN-z10-1→GN-z11

A&A proofs: manuscript no. aanda

Fig. 2. 2D (top) and 1D (bottom) spectra of GN-z11 using PRISM/CLEAR configuration of NIRSpec. The 1D spectrum has been extracted using
a 3 pixel wide aperture that leads to improved S/N in this highly compact object. Prominent emission lines present in the spectra are marked. The
signal to noise ratio (SNR) of the continuum is high and the emission lines are clearly seen in both the 1D and 2D spectra.

C iv (see Figure 3), with redshifted emission and blueshifted ab-
sorption relative to the systemic redshift. civ emission with a P-
Cygni-like profile is also detected in the grating, along with a low
S/N tentative detection (3�) of of He ii and [O iii] ��1660, 1666.

The reliable detection of C iii] and N iii] lines in the grat-
ing spectra, however, enables us to investigate rest-UV line ra-
tios that can be compared with predictions from photoionization
models to di↵erentiate between an AGN or a star-formation ori-
gin (e.g. Feltre et al. 2016). In Figure 4 we plot the line ratios
C iii] �1909/He ii �1640 versus C iii] �1909/C iv ��1548, 1550,
along with predictions from photoionization models of Feltre
et al. (2016) for type 2 AGN, and Gutkin et al. (2016) for star
formation. We consider a density range of log(nH/cm�3) range
of 2 � 4, and metallicities in the range Z = 0.001 � 0.002, cor-
responding to Z/Z� = 0.066 � 0.131 (based on Z� = 0.0152
assumed by Feltre et al. 2016), which is consistent with the gas-
phase metallicity inferred from SED fitting using beagle (Section
A), and the estimates from emission line ratios in Section 3.5.

We find that neither AGN nor SFG model predictions are
able to conclusively explain the observed line ratios in GNz11.
As previously noted, there is C iv absorption visible in the spec-
trum, blueshifted from the systemic redshift. However, it is un-
clear how much of the nebular component of the C iv line flux
is being attenuated by this blueshifted absorption as there is not
enough S/N in the grating to disentangle the nebular and stel-
lar components of C iv. If a significant amount of nebular C iv
emission is also being absorbed, then the data point would move
downwards on the y-axis in Figure 4.

Additionally, using the C iii] and He ii based diagnostics from
Nakajima et al. (2018), we find that the observed strength of
C iii] emission and the C iii]/He ii ratio once again lie between
photoionization model predictions due to type-2 AGN and star-
formation. Nakajima et al. (2018) found a parameter space in
their diagnostic plots where both AGN and star-forming mod-
els could overlap due to low metallicities and high C/O ratios,
which is where the measurements from GN-z11 suggest it could
lie. We note that when considering the photoionization models
of Nakajima & Maiolino (2022), the limit on C iii]/C iv we de-
rive is compatible with the envelope of expectations from AGN
over a range of metallicities.

A ratio of N iii]/He ii⇡ 3.3 is consistent with photoionization
due to star-formation (e.g. Hirschmann et al. 2019), and interest-
ingly, no type 2 AGN scenario in the models of Hirschmann et al.
(2019) predicts a N iii]/He ii ratio greater than 1. Composite mod-
els containing contribution from both AGN and star-formation
can achieve N iii]/He ii ratios ⇠ 1, but only star-formation is
favoured at ratios > 1.

Overall, we find that the C iii] and N iii] emission and their
ratios with respect to He ii and C iv do not obviously favour pho-
toionization due to AGN. However, the presence of other rare
lines (e.g. N iv]) that have previously been observed in the spec-
tra of AGN makes ruling out the presence of an AGN less ob-
vious (see Übler et al. 2023, for example). Given the expected
extreme nature of GN-z11, together with a lack of any obser-
vational insights into the expected spectroscopic properties of
AGN at z > 10, we are unable to draw definitive conclusions
about the dominant source of photoionization in GN-z11.

Finally, we note that the grating spectra do not show obvious
evidence for the presence of a broad component of permitted
lines (see Figure 3), which would be ascribed to the Broad Line
Region (BLR) of an AGN. This is not necessarily conclusive
proof against the AGN scenario, as the BLR is often obscured
along our line of sight in most AGN, however it is another ele-
ment consistent with the lack of dominant contribution from an
AGN.

3.3. Lyman-↵ Emission

The prism spectrum shows a near-total Gunn-Peterson trough
at wavelengths below Lyman-↵, consistent with a highly neutral
intervening IGM (Gunn & Peterson 1965). Although the spectral
break is fairly sharp in wavelength at the low dispersion of the
prism, we do see some evidence of a damping wing absorption.

In spectra from the bluest G140M grating, an emission line
is seen at 14132 Å, close to the sharp Lyman break observed
with the prism. Taking the systemic redshift of GN-z11 to be
z = 10.6034 (see Section 3.1), the rest-frame wavelength is
1217.92 Å, consistent with being Lyman-↵ in emission, but with
the line centroid redshifted by 555 ± 32 km s�1 (see Figure 5).

Article number, page 4 of 17
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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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Willott+10 (z~6) 
Trakhtenbrot+11 (z~4.8) 
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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-

CEERS: LOW-MASS, BROAD-LINE AGN AT Z>5 5

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
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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

• A Candidate for the Least-massive Black Hole in the First 1.1 Billion Years of the Universe 
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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, Larson+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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Figure 4. Growth tracks of individual BHs with the best-fit model parameters calibrated with the observed QLFs. Among all
the samples (N = 106), we present three BH populations with colored lines: (i) those reaching M• � 109 M� by z & 6, (ii) those
with 106  M•/M�  108 at z = 5, and (iii) those have grown to M• � 1010 M� at z = 4. The color of each curve represents
the bolometric luminosity for the accreting BH associated with its growth. Grey curves represent a randomly-selected subset of
100 BHs to show their bulk distribution. We overlay the observational data points of high-z bright quasars previously obsereved
at z > 6 (Mortlock et al. 2011; Wu et al. 2015; Bañados et al. 2018; Onoue et al. 2019; Wang et al. 2021; Wu et al. 2022) and
those detected by JWST (Onoue et al. 2023; Kocevski et al. 2023; Übler et al. 2023; Larson et al. 2023; Harikane et al. 2023b;
Maiolino et al. 2023).

The assembly of the mass correlation between BHs in
high-z quasars and their host galaxies is crucial for un-
derstanding the establishment of their local relationship
(e.g., Kormendy & Ho 2013), despite its origin remain-
ing one of the longest-standing unsolved puzzles in astro-
physics (e.g., Murray et al. 2005; Silk 2013; Cen 2015; Ni
et al. 2022; Inayoshi et al. 2022b; Habouzit et al. 2022).
Direct measurements of the stellar mass of high-z quasar
hosts can be challenging without observations of rest-
frame optical light. In certain cases, the gas dynamical
mass derived from [C ii] 158 µm serves as a proxy of the
stellar mass. The measured BH-to-stellar mass ratio for
luminous quasars significantly exceeds the local relation
(e.g., Wang et al. 2013; Venemans et al. 2017; Neeleman
et al. 2021). In contrast, for low-luminosity quasars, the
ratio aligns more closely or even falls below the local
relation (Izumi et al. 2019, 2021). In Figure ??, the
BH mass is presented against the gas dynamical mass

for those AGN samples at z & 6 (black circle, the data
compiled by Izumi et al. 2021).
Recent JWST observations have provided new insights

into the evolution of the BH-to-stellar mass correla-
tion through the discovery of low-luminosity AGNs in
the high-z universe and detection of stellar optical light
in the rest frame (e.g., Onoue et al. 2023; Ding et al.
2022). Spectroscopic follow-up observations have con-
firmed 12 broad-line AGNs, allowing for the measure-
ment of their BH masses using the H↵(H�)-based single
epoch method: CEERS 1670 at z = 5.24 (Kocevski et al.
2023), GS 3073 at z = 5.55 (Übler et al. 2023), CEERS
1019 at z = 8.68 (Larson et al. 2023), and several addi-
tional sources at z ⇠ 4 � 7 (Harikane et al. 2023b). In
addition, GN-z11, an extraordinarily luminous galaxy
at z = 10.6, has been reported to host an AGN, as ev-
idenced by the detection of the high ionization [Ne iv]
�2423 transition and semi-forbidden nebular lines trac-
ing the clouds of the broad-line regions (Maiolino et al.
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Stellar-remnant BHs

Massive seed BHs

JWST AGNs

Formation channels of early BHs
Various masses of seed BHs depending on SF environments (the “up-to-date” Rees diagram)

KI, Visbal & Haiman (2020), ARA&A, See also Greene+(2020), ARA&A, and Volonteri+(2021)
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(H2 cooling)
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High vbsm

Rapid merger

Hyper-Eddington accretion
M >> MEdd
• •
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105–6 M☉
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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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 1. Ahead start of growth
2. Overmassive BHs
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Equation (2) and Figure 4), ensuring consistency with the
theoretical upper bound of stellar mass density in the ΛCDM
universe. TheM•−Må values for LRDs tend to be overmassive
compared to the local relationship (solid line; J. Kormendy &
L. C. Ho 2013), and they align well with other AGNs detected
by JWST and follow the mass correlation inferred from JWST
AGN data, excluding quasars from ground-based surveys
(dashed line; F. Pacucci et al. 2023). Moreover, their distribu-
tion is consistent with the locus of a JWST/NIRSpec-
confirmed z= 8.5 LRD that exhibits broad Hβ emission, for
which an upper limit on the stellar mass has been constrained
by nondetection in Atacama Large Millimeter/submillimeter
Array (ALMA) observations (blue; V. Kokorev et al. 2023).

The mass ratios for these LRDs are also consistent with the
BHAD/SFRD values at z> 6 shown in Figure 2. This suggests
a model in which transient rapid growth phases during the LRD
stages elevate these BHs into an overmassive state. This
hypothesis is supported both theoretically (e.g., K. Inayoshi
et al. 2022b; H. Hu et al. 2022) and observationally
(S. Fujimoto et al. 2022), providing a comprehensive insight
into the BH growth dynamics in the early universe.

4. Discussion

4.1. Missing X-Ray Radiation from LRDs

X-ray AGN surveys are generally effective in identifying
obscured AGNs. However, in the case of LRDs observed with
JWST, no X-ray counterparts have been reported in early studies
(e.g., D. D. Kocevski et al. 2023; L. J. Furtak et al. 2023;

J.Matthee et al. 2024). X-ray weakness has been consistently
observed in LRDs, as demonstrated by stacking analyses
(M. Yue et al. 2024), and this phenomenon extends beyond
LRDs to a more general category of unobscured broad-line
AGNs (R.Maiolino et al. 2024). Further emphasizing the rarity
of X-ray emissions, D. D. Kocevski et al. (2024) have identified
only two X-ray-detected LRDs at z= 3.1 and 4.66 among 341
examined objects, resulting in a detection fraction of less than
0.6 %. The optical continuum extinction measurements suggest
a gas column density of NH∼ 3.3× 1022(AV/3.0)cm−2

(R.Maiolino et al. 2001), indicating that the column density
outside the broad-line region is too low to obscure X-rays. The
column density estimate is broadly consistent with those
measured from the X-ray spectral analysis for the two X-ray-
detected LRDs, NH∼ (5− 20)× 1022cm−2 (D. D. Kocevski
et al. 2024).
Considering the absence of X-ray counterparts for LRDs, we

explore the possibility that their X-ray emission is intrinsically
weak, as compared to typical X-ray selected AGNs. Figure 6
presents the critical X-ray luminosity for each bolometric
luminosity, so that ΦX(LX,crit)�ΦLRD(Lbol), where we adopt
the X-ray AGN luminosity function ΦX from Y. Ueda et al.
(2014) and the LRD bolometric luminosity function ΦLRD from
V. Kokorev et al. (2024). This condition requires that LRDs
must have a bolometric correction factor to X-rays that
prevents them from being classified as X-ray AGNs and
contributing to their abundance (red horizontal lines with
arrows). The critical X-ray luminosity is limited below those
derived from comparison between the X-ray- and optical-based
AGN luminosity functions at lower redshifts of z 2 (Y. Ueda
et al. 2003).
To quantify this intrinsic X-ray faintness in LRDs, we utilize

the optical-to-X-ray spectral index, defined as a =OX
( ) ( )n nn nL Llog log,2keV ,2500 2keV 2500 , where Lν,2keV and

Lν,2500 are the extinction-corrected luminosity density at

Figure 5. M• − Må distribution for high-redshift AGNs, including LRDs,
JWST-detected unobscured ANGs at z = 4–8 (purple, R. Maiolino et al. 2023;
green, Y. Harikane et al. 2023; cyan, M. A. Stone et al. 2024; and blue,
X. Ding et al. 2023), and quasars identified in ground-based surveys (T. Izumi
et al. 2021). For the LRDs at 4.5 < z < 6.5 (red) and 6.5 < z < 8.5 (orange),
we derive the upper bound of the stellar mass based on the dust-corrected
continuum flux measured by J. E. Greene et al. (2024) using Equations (1) and
(2). Additionally, a z = 8.5 LRD with broad Hβ emission, for which the stellar
mass is constrained by ALMA nondetections, is overlaid (blue; V. Kokorev
et al. 2023). Two different mass correlations are overlaid: the local relationship
(solid; J. Kormendy & L. C. Ho 2013) and the JWST-detected AGNs (dashed;
F. Pacucci et al. 2023).

Figure 6. The critical X-ray luminosities for LRDs at z ∼ 5, determined by the
requirement for LRDs not to be classified as X-ray AGNs nor contributing to
the abundance of X-ray AGNs (red horizontal lines with arrows). For
comparison, several models for bolometric correction to X-rays are shown
(Y. Ueda et al. 2003; R. Nanni et al. 2017; F. Duras et al. 2020), as well as the
cases with constant optical-to-X-ray spectral indices of αOX = −1.5 (dashed)
and −1.8 (solid). The Lbol − LX values of the two LRDs detected in X-rays are
shown with orange symbols; JADES 21925 (square) and PRIMER-COS 3982
(diamond; D. D. Kocevski et al. 2024). The shaded area denotes X-ray
luminosities below the detection threshold of current Chandra observations for
JWST fields.
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2. A new AGN population, LRDs
super-Eddington, Balmer, dust…

小久保さんのトーク



Little Red Dots (LRDs)

Kocevski+23,24, Labbe+24,25, Furtak+23, Noborigushi+23, 
Harikane+23, Maiolino+23, Barro+24, Killi+24,Greene+24, 
B.Wang+24a,b, Kokorev+24, Akins+24, Baggen+24, Casey+24, 
X.Lin+24,25a,b, Setton+24,25, Taylor+25a,b, Y.Ma+25a,b,  
Kokubo & Harikane 24, X.Ji+25, Z.Zhang+25, C.Chen+25a,b

4 Matthee et al.

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

• Very compact & red sources (in JWST NIRCam)
• High redshift, abundant population (~100*nQSO)
• 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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An illustration by Chat-GPT

LRD energetics
Total radiative luminosity:

L = 4πd2
L Fobs ⋅ 100.4AV ≳ 1011+0.4⋅(AV−3) L⊙

cosmological
distance (z~4-7)

reddening correction
(Av~3 mag)

η = LΔt
Mc2 ≳ 0.7 × 100.2⋅(AV−3)

too massive in ΛCDM

too dense (Re  < 100 pc)

no way to create variability

reasonable mass (~100*Mseed)

compact dense (Re ~ 0.01 pc)

Tvar ~ a few months*(1+z)

Dusty galaxies: M⋆ ≳ 1011 M⊙ Dusty AGNs: MBH ≳ 107 M⊙

Mass

Size

Time

Kocevski+23,24, Labbe+24,25, Furtak+23, Noborigushi+23, Harikane+23, Maiolino+23, Barro+24, Killi+24,Greene+24, B.Wang+24a,b, Kokorev+24, 
Akins+24, Baggen+24, Casey+24, X.Lin+24,25a,b, Setton+24,25, Taylor+25a,b, Y.Ma+25a,b, Kokubo & Harikane 24, X.Ji+25, Z.Zhang+25, C.Chen+25a,b
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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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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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Balmer-break
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can be stellar origins, but in some cases too strong to be explained by stellar origins  
(Naidu+2025; Rusakov+2025; de Graaff+2025)
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Other AGN signatures?
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Other wavelengths… faint or no detection
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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).

X-ray non-detection 
(Yue+24,Maiolino+24,Ananna+24)



Something missed/different at high-z?

X-ray	Corona

• Weak hot dust emission (NIR)

- Extended dusty flows? Warm dust? (Z.Li+25, Casey+24)

- No dusts or moderate attenuation? (K.Chen+25)

• Weak hot coronae (X-rays)

- Super-Eddington accretion (Slim disks)?
(Maiolino+24, Madau & Haardt 24, KI, Kimura & Noda 25)
Acknowledge the YITP conference “Exploring Extreme Transients 2024”

• Weak relativistic jets (radio)
- Efficient jet dissipation? BH + envelopes (Kido+25)

• Absorption features on broad-line emission

- Dense gas absorbers with a high covering factor
(Matthee+24, Juodžbalis+24, Lin+24, KI & Maiolino 25, X. Ji +25)

?



• Absorption on broad Balmer & HeI emission lines; EWabs ~ O(10)Å
• BLRs embedded by dense gas (high covering factor ~ 1)

Balmer absorption on BL AGNs

6 F. D’Eugenio et al.

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

NH

 
NH

AV

!

MW
, (3)

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.

MNRAS 000, 1–12 (2025)

6 F. D’Eugenio et al.

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

NH

 
NH

AV

!

MW
, (3)

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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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).

MNRAS 000, 1–34 (0000)

4 Ji et al.

3�34�50�� 48�� 46��

�
30

� 2
4�

03
��

04
��

05
��

06
��

07
��

08
��

R.A. (ICRS)

D
ec

.
(I

C
R

S
)

5 kpc

R - F444W
G - F200W
B - F090W

AGN, AGN everywhere Simplicius . . .

Image A

3�35�04�� 02�� 00�� 34�58��

�
30

� 2
3�

46
��

47
��

48
��

49
��

50
��

R.A. (ICRS)

R - F444W
G - F200W
B - F090W

Image B

3�35�52�� 50�� 48��

�
30

� 2
3�

37
��

38
��

39
��

40
��

41
��

42
��

R.A. (ICRS)

R - F444W
G - F200W
B - F090W

Image C

3�34�50�� 49�� 48�� 47�� 46�� 45��

�
30

� 2
4�

04
��

05
��

06
��

07
��

R.A. (ICRS)

5 kpc

R2700
H� Narrow

3�34�50�� 49�� 48�� 47�� 46�� 45��

�
30

� 2
4�

04
��

05
��

06
��

07
��

R.A. (ICRS)

R2700
H�

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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works (e.g., Harikane et al. 2023; Matthee et al. 2023).
Following Reines et al. (2013), we estimate MBH as

( )

( ) ( )
( )
( )

= +

+

+
a

-

-



1

M M

L

log 6.57 log

0.47 log 10 erg s

2.06 log FWHM 10 km s .

10 BH 10

10 H ,broad
42 1

10 broad
3 1



The geometric correction factor related to the BLR, ò, is
assumed to be 1.075 (Reines & Volonteri 2015). The BH
estimator has an intrinsic uncertainty of 0.5 dex (Reines &
Volonteri 2015). Note that, limited by our wavelength coverage,
we derive the estimated MBH values here without dust attenua-
tion correction, as done in Matthee et al. (2023); the MBH values
could be even higher after correcting for the dust attenuation.

We derive Lbol by adopting the relation between the rest-
frame 5100Å luminosity (L5100) and the AGN-induced Hα
luminosity in Greene & Ho (2005), with the bolometric
correction in Richards et al. (2006):

( )
( )

= ´
= ´

a
- -L L

L L
10 5.25 10 erg s erg s

10.33 , 2
5100

44
H

42 1 1 1.157 1

bol 5100

where LHα in Equation (2) should include Hα from both AGN
NLRs and BLRs in principle. Since it is still not clear whether

the narrow Hα components of BHAEs originate from AGN
NLRs or the host galaxies, we use LHα,broad as the input. The
Lbol could be higher if the dust attenuation correction is applied
or the contribution from AGN NLRs is included. We discuss
the caveat of the Lbol estimator in Section 4.1. The Eddington
ratio λEdd is defined as Lbol/LEdd, where LEdd is the theoretical
maximum luminosity achievable when radiation pressure and
gravity are balanced in a spherical geometry. We calculate λEdd
following Trakhtenbrot et al. (2011):

( )l =
´

-L
M M

erg s
1.5 10

. 3Edd
bol

1

38
BH 

We list the derived physical properties of BHAEs in Table 3.
Figure 5 shows the estimated MBH and Lbol of ASPIRE
BHAEs, together with literature BHAEs31 and SDSS quasars.
To display the effect of dust attenuation, we also show arrows
associated with each BHAE. The lengths of the arrows indicate

Figure 3. Same as Figure 2. For J2232P2930-BHAE-1, we also show the [N II]λλ6548, 6583 emission lines in blue and [S II]λλ6718, 6732 in cyan. In the 2D
spectrum of J2232P2930-BHAE-1, the emission on its top right originates from a companion Hα emitter at the same redshift (Companion-2; see Section 4.2.2).

31 We note that the Lbol estimator is different in Harikane et al. (2023), the
central values of Lbol are estimated using both the narrow and broad Hα
components, the lower limits of Lbol are estimated using the broad Hα only,
and the upper limits are estimated under the assumption of type 2 AGNs with
[O III] and Hβ. In this work, we use the broad Hα only, following Matthee
et al. (2023).
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Figure 2. The BHAEs identified in 25 ASPIRE fields. For each source, the upper left panel shows a 2″ × 2″ RGB thumbnail composed of JWST/NIRCam F356W,
F200W, and F115W images. The top panel shows the 2D grism spectrum with continuum and background removed. The bottom panel is the optimally extracted 1D
spectrum (black) and the corresponding error spectrum (gray shaded region). We show the total best-fit line profile as the red solid line, the narrow component as the
orange dashed line, and the broad component as the green dashed line. For J0923P0402-BHAE-1, J1526M2050-BHAE-1, and J1526M2050-BHAE-3, we also show
the Hα profiles without the absorption features as the red dashed lines. J0923P0402-BHAE-1 and J0430M1445-BHAE-1 present two broad Hα components with
FWHM > 1000 km s−1. We label the FWHMs of their total Hα emission, which are used to estimate the BH masses.
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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
gas clumps with a column density of n = 2 atomic hydrogen, NH,n=2 = 1016 cm�2. The total line profile with a finite spectral
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.

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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Å

�
1
]

H
�

[O
II

I]
�
4
3
6
3

[O
II

I]
�

�
5
0
0
7
,4

9
5
9

H
�

L
y
�

b
re

a
k

B
a
lm

er
b
re

a
k

CAPERS-LRD-z9

Galaxy Component

AGN Component

Combined Fit

6 10 20

1 2 3 4 5

�2.5
0.0
2.5

�

6 10 20

Observed Wavelength [µm]

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

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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Looking back on the last Kyoto conference

Q. Are LRDs explained by supermassive stars or their explosions?

柴田さん 
紫綬褒章おめでとうございます。

A. Well, maybe no. Because the model seems very ad hoc   
and doesn’t account for the blue UV spectra…

August 5th, 2024 @Kyoto

…

Well, LRDs are likely AGNs embedded in dense gas, which  
imprints Balmer absorption & break on their spectra

Two weeks later @UCSB

Another a few months later

Well, LRD’s IR spectra look like a blackbody with T~5000K…
…

Hayashi line? Circum-binary disks?
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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2. DISK SPECTRAL MODEL

We describe a spectral model for a binary BH system
embedded in a circum-binary disk with each BH sur-
rounded by a mini disk, as illustrated in Figure 1. A
low-density cavity forms due to binary torques, creating
a gap between the inner edge of the circum-binary disk
and the outer edges of the mini disks (e.g., Artymowicz
& Lubow 1994). Mass accretion proceeds through the
circum-binary disk, along two accretion streams, and
onto the two mini-disks (e.g., MacFadyen & Milosavl-
jević 2008; Farris et al. 2014; D’Orazio et al. 2016), while
mass transfer between the two mini-disks across the La-
grange point is neglected. Our disk model for the binary
system follows that described in Roedig et al. (2014),
except the introduction of mass loss from the accretion
disk system.
In the standard thin-disk model (Shakura & Sunyaev

1973), the e↵ective temperature at a distance r from
the central BH with a mass of M accreting at a rate Ṁ
is given by the energy balance between viscous heating
and radiative cooling,

Te↵ =

"
3

8⇡�SB

GMṀ

r3

✓
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r
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r

◆#1/4
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where �SB is the Stefan-Boltzmann constant, and rin
is the disk inner edge, where a torque-free boundary
condition is imposed. In our model, the turnover wave-
length of the v-shape SED is set by the temperature
contrast between the hottest region in the circum-binary
diskand the coldest region in the minidisks (see Fig-
ure 1). We introduce a characteristic temperature T0

defined at r = a � rin as1

T0 ' 6.3⇥ 103 ṁ1/4M�1/4
7

✓
a

103 RS

◆�3/4

K, (2)

where a is the binary semi-major axis, ṁ ⌘ Ṁ/ṀEdd

is the mass accretion rate normalized by the Edding-
ton value of ṀEdd ⌘ LEdd/⌘0c2, ⌘0 = 0.1 is the ra-
diative e�ciency, M7 ⌘ M/(107 M�), and RS is the
Schwarzschild radius of the BH. The physical quantities
related to the BH mass is defined for each mass of the
primary and secondary BH (M1 � M2 ⌘ qM1) as well
as the total mass (M = M1 + M2). Throughout this
study, we assume the binary orbit is circular.
We note that in the outer region of the accretion

disk, where the photospheric temperature is low (Te↵ ⌧
5000 K), H� opacity dominates in partially ionized lay-
ers, and energy transport in the vertical direction is

1 Roedig et al. (2014) measure T0 at a = 100 RS, but their defini-
tion of RS should be half of the Schwarzschild radius.

Circum-binary disk

a rin,cbd

mini disks
rout,1rout,2

Figure 1. A schematic illustration of a binary BH system
accreting from the circum-binary disk and mini-disk around
each BH. The expected SED, composed of the colder circum-
binary disk and the hotter mini-disks, naturally produces a
characteristic v-shape, consistently observed in LRDs.

driven by convection (Hayashi 1961; Hōshi 1979; Meyer
& Meyer-Hofmeister 1982). At even larger radii, the
optical depth eventually falls below unity, breaking the
assumption of a locally blackbody disk spectrum. In this
study, we do not account for these e↵ects in the outer-
most layers, but instead focus on modeling the SED in
the UV-optical bands, which can be directly compared
to observations.
This temperature T0 corresponds to the photon en-

ergy at the turnover point of the v-shape SEDs, giving
a characteristic turnover wavelength

�t =
hc

3kT0

= 0.76 ṁ�1/4M1/4
7

✓
a

103 RS

◆3/4

µm. (3)

The numerical factor of three in the denominator de-
pends on the width of the gap created by the binary.
Following Roedig et al. (2014), we set the inner edge
of the circum-binary disk at rin,cbd = 2a and the outer
edges of the mini-disks at rout,1 = 0.27q�1/3a for the pri-
mary and rout,2 = 0.27q1/3a for the secondary BH. We
adopt this factor of three in our analytical estimate of
�t, while the full SEDs shown in the figures are obtained
by numerically calculating the disk spectrum.
For a steady-state accretion disk with a constant mass

inflow rate (Ṁ / r0), the e↵ective temperature follows
the radial dependence of Te↵ / r�3/4. This leads to a
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where �SB is the Stefan-Boltzmann constant, and rin
is the disk inner edge, where a torque-free boundary
condition is imposed. In our model, the turnover wave-
length of the v-shape SED is set by the temperature
contrast between the hottest region in the circum-binary
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7

✓
a

103 RS

◆�3/4

K, (2)

where a is the binary semi-major axis, ṁ ⌘ Ṁ/ṀEdd

is the mass accretion rate normalized by the Edding-
ton value of ṀEdd ⌘ LEdd/⌘0c2, ⌘0 = 0.1 is the ra-
diative e�ciency, M7 ⌘ M/(107 M�), and RS is the
Schwarzschild radius of the BH. The physical quantities
related to the BH mass is defined for each mass of the
primary and secondary BH (M1 � M2 ⌘ qM1) as well
as the total mass (M = M1 + M2). Throughout this
study, we assume the binary orbit is circular.
We note that in the outer region of the accretion

disk, where the photospheric temperature is low (Te↵ ⌧
5000 K), H� opacity dominates in partially ionized lay-
ers, and energy transport in the vertical direction is

1 Roedig et al. (2014) measure T0 at a = 100 RS, but their defini-
tion of RS should be half of the Schwarzschild radius.
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Figure 1. A schematic illustration of a binary BH system
accreting from the circum-binary disk and mini-disk around
each BH. The expected SED, composed of the colder circum-
binary disk and the hotter mini-disks, naturally produces a
characteristic v-shape, consistently observed in LRDs.

driven by convection (Hayashi 1961; Hōshi 1979; Meyer
& Meyer-Hofmeister 1982). At even larger radii, the
optical depth eventually falls below unity, breaking the
assumption of a locally blackbody disk spectrum. In this
study, we do not account for these e↵ects in the outer-
most layers, but instead focus on modeling the SED in
the UV-optical bands, which can be directly compared
to observations.
This temperature T0 corresponds to the photon en-

ergy at the turnover point of the v-shape SEDs, giving
a characteristic turnover wavelength
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The numerical factor of three in the denominator de-
pends on the width of the gap created by the binary.
Following Roedig et al. (2014), we set the inner edge
of the circum-binary disk at rin,cbd = 2a and the outer
edges of the mini-disks at rout,1 = 0.27q�1/3a for the pri-
mary and rout,2 = 0.27q1/3a for the secondary BH. We
adopt this factor of three in our analytical estimate of
�t, while the full SEDs shown in the figures are obtained
by numerically calculating the disk spectrum.
For a steady-state accretion disk with a constant mass

inflow rate (Ṁ / r0), the e↵ective temperature follows
the radial dependence of Te↵ / r�3/4. This leads to a
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• A compact, broad-line AGN with a V- and Λ-shaped SED and unique absorption features

Low-z objects with LRD characteristics
4 Lin et al.

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.

match their corresponding LRD templates and exhibit244

unambiguous V-shaped UV-to-optical SEDs.245

The SDSS target selection flag for J1025+1402 and246

J1022+0841 is QSO HIZ, as their riz colors meet the247

criteria for selecting high-redshift quasars, primarily at248

z & 3.5 (G. T. Richards et al. 2002). Both objects ex-249

hibit a peak in the r band, with decreasing flux toward250

the i and z bands, mimicking the spectral shape of a251

Lyman break followed by a blue UV continuum, typ-252

ical of quasars at z > 3.5. J1047+0739 is flagged as253

both QSO CAP and QSO HIZ: the former because its u� g254

color meets the selection criteria for quasars at z < 2.2,255

and the latter because it satisfies a relaxed griz crite-256

rion for high-redshift quasars. These flags indicate that257

the three selected objects are outliers in both the ugri258

and griz color spaces, making them easily misclassified259

during color selection.260
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Figure 5. The H�, H↵, He I �10830, and Pa↵ line profiles of the three local LRDs. 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.

Figure 6. Normalized H↵ and He I �10830 absorber pro-
files. For multi-component absorption profiles, the individual
components are shown as blue dashed lines.
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Their broad H↵ luminosities, LH↵,broad ⇠ 1042 erg s�1,607

fall within the range observed in high-redshift LRDs. If608

redshifted to z = 6, their expected apparent magnitudes609

in JWST/NIRCam F444W would be 25.7–26.8mag.610

These values lie within the magnitude range observed611

for the diverse LRDs discovered at z > 5 (e.g., J. E.612

Greene et al. 2024; D. D. Kocevski et al. 2024; H. B.613

Akins et al. 2024; D. D. Kocevski et al. 2025).614

5. EMISSION LINE ANALYSIS615

In this section, we discuss in detail the properties of616

the emission lines detected in the local LRDs to con-617

strain their origins, density, metallicity, and ionizing618

sources.619

5.1. Balmer lines and Paschen line decrements.620

We utilize the rich series of Balmer and Paschen lines621

to measure the Balmer and Paschen decrements. For622

bright lines with su�cient S/N (e.g., H↵, P↵, etc.), we623

decompose the line profiles into multiple narrow and624

broad components using Gaussian or Lorentzian mod-625

els. For the higher-order hydrogen lines, we fit them626
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Figure 10. The metal absorption in the optical spectrum of The Egg (J1025+1402). The normalized spectra of Na D, K I, and
Fe II are MODS spectra, and the Ca T is 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 blue vertical lines indicate the rest-frame wavelengths of metal
absorbers, and other absorbers are marked with green dashed lines and labeled accordingly.

in circumstellar gas clouds around young stellar objects,823

where values typically range from a few up to ⇠200mÅ824

(L. M. Hobbs 1975; D. E. Welty & L. M. Hobbs 2001; I.825

Pascucci et al. 2015). All of these lines of evidence point826

to a non-stellar and non-ISM origin.827

6.1.2. Fe II absorption828

The optical Fe II absorption lines at �6148, 6244, and829

6456 are rarely observed in galaxies or AGNs. These830

features have been reported in a Type Ia supernova (K.831

Maguire et al. 2023), but with large blueshifts of several832

thousand km s�1 and broad line widths. In contrast,833

the Fe II absorption seen in The Egg shows no signifi-834

cant velocity shift and narrow FWHMs of ⇠400 km s�1.835

Although the origin of these Fe II absorption features836

remains uncertain, their co-occurrence with Na D, K I,837

and Ca T absorption may suggest a shared origin.838

6.1.3. Ca T absorption839

The Ca triplet (Ca T) absorption in The Egg has an840

EW of 17.1± 0.2 Å. In Figure 11, we compare this value841

to typical Ca T EWs observed in stars, star-forming842

galaxies, and AGNs. The Ca T EW in The Egg exceeds843

those of most stars and all known galaxies and AGNs,844

where Ca T EWs are generally below 10 Å. Additionally,845

we do not observe the prominent Ca H and K absorp-846

tion lines seen in old stellar populations. This suggests847

that the high-EW Ca T absorption in The Egg may not848

originate from its host galaxy.849

Figure 11. The Ca T absorption EW of The Egg 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 absorption EWs of galaxies and
AGNs are compiled from A. Garcia-Rissmann et al. (2005).
The Ca T absorption EW and its uncertainty are shown as
the black dashed line and gray shaded region.

Thus, we attribute the Ca T absorption to a non-850

stellar origin. If the optical continuum is AGN-851

dominated, the Ca T absorption likely arises from the852

cool gas in the vicinity of the central BHs. This gas en-853

velope could also be responsible for the unusual Na D,854

K I, and Fe II absorption lines, with their EWs depend-855

ing on the density, structure, and temperature of the856

X.Lin et al. + KI (2025)
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NLR: metal-poor with minimal dust attenuation

Intermediate regions:
[Fe II] emitting gas 

BLR

Optically thick outflow 
H!, He I absorbers 

Cool gas envelope:
thermalized emission

at " ∼ 5000 − 6000	)
with metal absorber! ∼ 10!	AU

Dust:		" ∼ 10! − 10"	)

Figure 14. Schematic illustration of the structural components of LRDs. The viewing angle, indicated by the telescope icon,
is randomly selected here for illustrative purposes; its impact on observed properties is discussed in the main text.

D.1) for the three local LRDs. For comparison, the cor-1066

responding Eddington luminosity for a 8⇥105 M� BH1067

is 1044 erg s�1. The BH mass estimated here is up to1068

an order of magnitude smaller than the H↵-based BH1069

masses listed in Table 1. Given the approximate na-1070

ture of these estimates, the overall agreement between1071

the observed properties and those inferred from this con-1072

ceptual model supports the feasibility of an atmosphere-1073

enshrouded BH model. The individual components of1074

our conceptual framework are described in detail below.1075

• BLRs and NLRs. The broad Balmer and1076

Paschen lines, along with the infrared O I and1077

Fe II emission lines (at least in The Egg and1078

J1022+0841, see Figure 2 and 4), indicate that1079

the observed line broadening arises from gas mo-1080

tions within the BLRs surrounding the BHs. Anal-1081

ysis of the Balmer decrements, BPT diagrams,1082

and metallicity suggests that the narrow emission1083

lines originate from AGN-powered NLRs with low1084

metallicity and minimal dust.1085

• [Fe II] emitting gas intermediate between1086

the BLRs and NLRs. The AGN-excited [Fe II]1087

emission lines indicate gas with a density of ap-1088

proximately nH ⇡ 107.5 cm�3, intermediate be-1089

tween the BLRs and NLRs. The FWHM of1090

the [Fe II] lines ( ⇡200 km s�1 for The Egg and1091

⇡300 km s�1 for J1022+0841 in MODS spectra) is1092

likewise between that of the broad (⇠ 1000 km s�1)1093

and narrow lines (17 km s�1 for The Egg and1094

77 km s�1 for J1022+0841 in the Binospec spec-1095

tra). The absence of these [Fe II] lines in1096

J1047+0739 may be attributed to a lower covering1097

fraction of the intermediate emitting regions.1098

• A cool gas envelope with T ⇠ 5000 �1099

6000 K and photosphere density of ⇢ph .1100

10�10 g cm�3
(log(g/cm s�2) . 0). The opti-1101

cal–IR SED shapes of the three local LRDs re-1102

semble blackbody spectra and agree well with at-1103

mosphere models (H. Liu et al., in prep). The1104

presence of extremely high-EW metal absorbers1105

Low-z LRD “Egg”

Too strong to be stellar origin…



3. New hypothesis:  
LRDs = Very first BH growth phases



Key features of the LRD population

• Spectra distinct from normal AGNs

- dense gas environments
- poor (or no) dust grains
- no signatures of host galaxies

• Broad-line AGNs: MBH ∼ 106−7 M⊙
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Fig. 1 Left: The occurrence rate of LRDs as a function of cosmic time (bottom x-axis) and redshift

(top x-axis). The histogram, based on the data from [11], shows 341 photometrically-selected LRDs

(blue), including 39 with spectroscopically-confirmed redshifts (green). The colored bars indicate

the redshift range where the 4000 Å break falls within the bandpass of each wide-band filter. The

photometric selection of z > 9 LRDs becomes incomplete (gray shaded region). The magenta curve

represents the best-fit function with a log-normal distribution, while the gray curve shows the case

with constant abundance in unit comoving volume for reference. Right: The cumulative number

distribution of the observed LRD number (blue) with error bars computed via binomial statistics. The

best-fit result obtained using a log-normal distribution is shown (p = 0.873), along with a Gaussian

distribution yielding a worse fit (p = 1.17⇥ 10
�4

).
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• Cosmic abundance evolution

- emergence at high-z & decline to low-z
t0 ≃ 850 Myr
σ0 ≃ 0.3

3

dio bursts), the waiting time between successive events
follows a log-normal distribution (e.g., Li & Fenimore
1996; Ellsworth et al. 1999; Kirsten et al. 2024), reflect-
ing the stochastic nature of these events. Inspired by
these analogies, we employ the standard chi-square min-
imization technique to fit the observed data with errors
estimated from Poisson statistics, using a log-normal
distribution defined as

dN

dt
=

N0p
2⇡�0t

exp


�{ln(t/t0)}2

2�2
0

�
. (1)

From the fitting procedure, we find the best-fit parame-
ters (reduced chi-square �2

⌫ = 2.02): t0 = 865± 22 Myr
and �0 = 0.297±0.0184 with a time bin of�t = 100 Myr
(magenta curve). Importantly, the log-normal fit re-
mains robust even when the histogram is restricted to
LRDs with UV absolute magnitudes, MUV < �18 mag,
where detection is not significantly a↵ected by flux lim-
its. This strengthens the validity of our argument, in-
dicating that the observed trend is intrinsic to LRDs
rather than a selection e↵ect (see more details in Ap-
pendix A).
The right panel of Figure 1 shows the cumulative num-

ber distribution of LRDs. For t > 1.3 Gyr, the distri-
bution flattens due to the sharp decline in the number
of sources. For comparison, we overlay three curves rep-
resenting di↵erent fitted distribution functions for the
occurrence rate: a log-normal distribution (magenta),
a Gaussian distribution (green), and a power-law form
with dN/dt / t�5/3 (gray), which assumes a constant
�LRD. The log-normal distribution provides our best-fit
model (�2

⌫ = 0.647 and p = 0.873) with t0 = 837±6 Myr
and �0 = 0.327 ± 0.00803. These values are in good
agreement with the previous fitting results for the oc-
currence rate2. The Gaussian model yields a slightly
worse fit (�2

⌫ = 2.65 and p = 1.17⇥ 10�4), as the func-
tion form fails to capture the asymmetric feature of the
distribution. The low p-value (⌧ 1) indicates that the
Gaussian model is statistically inconsistent with the ob-
served data. The power-law model does not explain the
flattening of the cumulative distribution (�2

⌫ = 13.6).
Even when the power-law index is treated as a free pa-
rameter, the best-fitting function (dN/dt / t�2.85) still
does not match the observed trend well. Such a steep
decline cannot be only attributed to the loss of LRD
features, particularly their compact morphology, due to
mergers with normal galaxies (see Appendix B), though

2
Although the fitting result generally depends on the choice of

time bin, the consistency of the fitted parameters based on the

di↵erential and cumulative distribution functions ensures the ro-

bustness of the fitting result.

merger may play a partial role in their disappearance
(Khan et al. 2025; Inayoshi et al. 2025).
Assuming a log-normal form for the occurrence rate

given in Equation (1), the cosmic evolution of LRDs is
described by the following expression

�LRD = �0f(z) exp

"
�{ln(1 + z)� µz}2

2�2
z

#
, (2)

where log(�0/Mpc�3) = �5.2762± 0.0015, µz = ln(1 +
z0) with a characteristic redshift of z0(= 6.53+0.04

�0.03) cor-
responding to the cosmic age t0(= 837 ± 6 Myr), and
�z = 2�0/3(= 0.218± 0.00535). Here, the cosmic age is
converted to redshift using t ' 2/(3H0

p
⌦m)(1+z)�3/2,

which holds for z � (⌦⇤/⌦m)1/3 � 1 ' 0.3. The func-
tion f(z) accounts for the redshift dependence of both
the comoving volume element per redshift bin dVc/dz,
and the cosmic time interval dt/dz, and is well approx-
imated with the analytical form

f(z) =
(1 + z)3/2

[s(1 + z)1/2 � 1]2
, (3)

and s = 0.903 is fitted for a flat ⇤CDM universe with
⌦m = 0.307 at z � 1.53. These formulae in Equa-
tions (2) and (3) with three parameters (�0, µz, and �z)
provide an e↵ective modeling for the abundance and red-
shift evolution of LRDs as new observational constraints
become available, particularly at lower redshifts (see Ma
et al. 2025). This analytical form can also be applied to
study the redshift evolution of LRD luminosity functions
within individual magnitude bins.

3. DISCUSSION

Based on our finding that the occurrence rate of LRDs
follows a log-normal distribution, we propose a hypoth-
esis for the origin of LRDs: the first one or two AGN
events associated with a newly-formed seed BH are ob-
served as LRDs due to the unique characteristics of the
surrounding environment. After these initial accretion
episodes, the LRD features fade and the objects transi-
tion into normal AGNs.
In this scenario, LRDs represent the earliest phase

of AGN activity from newly-born BH seeds with ⇠
104�5 M�, which are likely embedded in dense gas
environments (e.g., Bromm & Loeb 2003; Begelman
et al. 2006; Shang et al. 2010) with abundances of

3
The functional form in Equation (3) is motivated by the integral

form of
R z
0 dz0/

p
⌦m(1 + z0)3 + ⌦⇤ in the matter-dominant uni-

verse. The parameter s is determined by the integral contribution

from the low-redshift universe. For ⌦m = 0.3, a value commonly

adopted in observational studies, we obtain s = 0.90066.

- transient-like occurrence: tLRD ∼ LN(t0, σ0)
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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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4 Matthee et al.

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)

Typical AGNs 
(z<4-6)

• First accretion episodes of seed BHs in dense gas = LRDs

• Individual AGN episodes are triggered following the same LN distribution

• LRD’s characteristics disappear in lated episodes (e.g., dust, X-rays, hosts)

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



Emergence of LRD populations

normal AGNs =  
-th episodesn( ≥ 2)

Tn =
n

∑
i=1

ti

ti ∼ LN(t0, σ0)
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A transition from early BH accretion in dense & dust-poor environments 
to normal (X-ray) AGNs in the later epochs at z<4-5



Summary

An illustration by Chat-GPT

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

• Transient-like origins with log-normal t-distribution

What are Little Red Dots (LRDs)?

• Dense gas around BHs (super-Eddington): 
co-existence of Balmer absorption and beak:

• Moderate (or no) dust attenuation: 
solution for ALMA non-detection, faint MIRI, and 
no obvious host galaxies

(Some) Theoretical interpretations



Thank you!


