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1. Overview of JWST observations



Supermassive Black Holes (SMBH)

artist’s illustration [ESA/Hubble, L. Calçada (ESO)]https://en.wikipedia.org/wiki/Messier_87
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see also… 
Magorrian et al. (1998)  
Merritt & Ferrarese (2001) 
Tremaine et al. (2002) 
Marconi & Hunt (2003) 
McConnell & Ma (2013) 
Reines & Volonteri (2015)

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

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

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

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

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

6.2. Constraints on the Host Galaxy Mass of CEERS 1670

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

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

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

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 
• Hidden Little Monsters: Spectroscopic Identification of Low-Mass, Broad-Line AGN at z > 5 with CEERS 

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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JWST have suggested that the photometric SEDs of some z 6
galaxies are consistent with those of young stellar populations
down to ∼3Myr ages (e.g., Tamura et al. 2019; Endsley et al.
2021; Chen et al. 2023; Endsley et al. 2022). We additionally
conduct the SED fitting analysis extending the stellar age down
to 1Myr with delayed star formation history and find that a
model of a metal-poor galaxy with a metallicity Z= 0.004,
stellar age 1.4 Myr, and SFR; 400Me yr−1 yields the smallest
value of χ2= 21 among the galaxy models. This model
specifically needs dust extinction following the Calzetti’s law
with color excess E(B− V )= 0.22 mag. This level of dust
attenuation produces the infrared luminosity of ∼1011.3 Le,
which is converted to the dust mass of ∼107Me by assuming a
dust temperature of Td= 40 K (see Equation (5) of Inoue et al.
2020). However, this amount of dust is hardly produced by the
ongoing active star formation within ≈1 Myr unless a
preexisting stellar population leaves dust grains, and their
older (?1 Myr) stellar components are hidden in the observed
SED (e.g., Tamura et al. 2019).

4.2. z= 5 AGN Luminosity Function (LF)

The discovery of the promising candidate of a high-redshift
AGN was unexpected from the first CEERS data set. To
quantify the serendipity, we discuss the number density of
z∼ 5 AGNs based on CEERS-AGN-z5-1. We caution that we
can only provide a lower bound of the AGN luminosity
function with this work especially because we do not consider
AGNs embedded in their host galaxies with extended
morphology. Such a population would be common for faint
AGNs at UV magnitudes dominated by star-forming galaxies.

Figure 4 shows our estimate of the z∼ 5 AGN luminosity
function. We calculate the binned number density as
Φ= 1.03× 10−5 Mpc−3 mag−1 at M1450=−19.5 mag (red),
where we adopt the survey area of 34.5 arcmin2 and set
z= 5.15 and its interval of Δz=±0.5 to calculate the cosmic
volume. For comparison, we overlay the binned quasar
luminosity functions derived from Subaru/HSC+SDSS (Niida
et al. 2020) and CFHT Legacy Survey (McGreer et al. 2018).
We also show the z= 4.5 X-ray-detected AGN luminosity
function in the CANDELS fields (including EGS), which go
down to M1450=−18.5 mag (Giallongo et al. 2019).15 In
Figure 4, we take the face values of their z= 4.5 luminosity
function without correcting for redshift evolution. The
abundance of the faintest AGNs at M1450=−19.5 mag is
substantially higher than that expected from extrapolation of
the HSC+SDSS quasar LFs (short dashed; Niida et al. 2020),
while the extrapolation of their double power-law LF is still
consistent with our data point within the Poisson error of one
object. Intriguingly, our binned luminosity function is rather
consistent with those of Chandra-detected (0.5–2 keV) X-ray
sources from Giallongo et al. (2019), while we caution that
neither of them are spectroscopically confirmed.

5. Future Prospects

Spectroscopic follow-up observations are the key to
confirming the redshift and the nature of CEERS-AGN-z5-1,
and also our estimate of the z= 5 AGN luminosity function at
the very faint end, where galaxies are dominant against AGNs
in number (Figure 4). Those observations will also help to test

the extreme emission-line properties that we discuss in
Sections 3.3 and 4.1. Specifically, detection of broad-line
emission will enable us to perform a virial BH mass estimate
via Balmer lines or other mass tracers such as Mg II, from
which one can constrain the mass distribution of seed BHs in
the earlier epochs of the universe (Toyouchi et al. 2022; see
also Greene et al. 2020; Inayoshi et al. 2020).
Our initial result based on the first observations of the

CEERS program indicates that deep NIR imaging observations
of JWST are capable of determining the high-redshift AGN
luminosity function at the very faint end. More complete and
sophisticated AGN selection criteria are required to better
constrain the underlying AGN population. Ongoing and
upcoming wide-field surveys with JWST such as COSMOS
Web and JADES programs can also be used to perform wider
and deeper surveys of high-redshift AGNs.

We wish to thank the entire JWST team and the CEERS
collaboration for the operation of the telescope and for
developing their observing program with a zero-exclusive-
access period. This work is based on observations made with
the NASA/ESA/CSA James Webb Space Telescope. The data
were obtained from the Mikulski Archive for Space Telescopes
at the Space Telescope Science Institute, which is operated by
the Association of Universities for Research in Astronomy,
Inc., under NASA contracts NAS5-03127 and NAS526555 for
JWST. These observations are associated with program 1345.
The specific observations analyzed can be accessed via
doi:10.17909/3pf0-8b20. Support to MAST for these data is
provided by the NASA Office of Space Science via grant
NAG57584 and by other grants and contracts.
This work has made use of data from the European Space

Agency (ESA) mission Gaia (https://www.cosmos.esa.int/
gaia), processed by the Gaia Data Processing and Analysis

Figure 4. The z ∼ 5 UV luminosity function of AGNs. Our constraint from
CEERS-AGN-z5-1 is shown in red. The quasar luminosity function data
obtained from different surveys are shown: the rest-UV-selected quasars
combining Subaru HSC and SDSS (Niida et al. 2020, cross) and CFHTLS
(McGreer et al. 2018, dot) in blue. The abundance of AGNs at M1450 = −19.5
mag is significantly higher than the extrapolation of the rest-UV-selected
quasar LF (dashed line), while within the Poisson error from one object. Our
data point is consistent with the AGN luminosity function from the X-ray-
detected AGN candidates in the CANDELS field (Giallongo et al. 2019), which
are shown in cyan. Shown in gray are the UV luminosity function of galaxies
from Bouwens et al. (2021; circle) and Harikane et al. (2022a; square).

15 CEERS-AGN-z5-1 is not a part of their AGN candidates.
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This Work
Kokorev+24 (LRDs, 4.5<z<6.5)

Greene+23 (BL LRDs, 6.5<z<8.5)
Harikane+23 (BLAGN, z~6.9)

This Work
Kokorev+24 (LRDs, 4.5<z<6.5)

Greene+23 (BL LRDs, 4.5<z<6.5)
Maiolino+23 (BLAGN, 4<z<6)

Mathee+23 (BLAGN, 4<z<6)
Harikane+23 (BLAGN, z~5.7)

Giallongo+19 (Xray AGN, z~5)
Niida+20 (UV QSO, z~5)
Bouwens+21 (LBGs, z~5.5)
Li+23 (Predicted UV QSO, z~5)
Finkelstein & Bagley 22 (Gal+AGN, 4.5 < z < 6.5)

Matsuoka+23 (UV QSO, z~7) 
Bouwens+21 (LBGs, z~7.5)
Li+23 (Predicted UV QSO, z~7)
Finkelstein & Bagley 22 (Gal+AGN, 6.5 < z < 8.5)

6.5 < z < 8.54.5 < z < 6.5

Figure 8. The UV luminosity function of our sample measured at rest-frame 1450Å in two redshift bins: 4.5 < z < 6.5 (left) and 6.5 < z < 8.5
(right). We find good agreement with previous photometric and spectroscopic compilations of LRDs (Matthee et al. 2023; Greene et al. 2023;
Kokorev et al. 2024). We find LRDs are 50 and 2000 times more numerous at MUV = -19 than expected at z ⇠ 5 and z ⇠ 7, respectively,
based on extrapolations of the UV luminosity function of more luminous quasars (Niida et al. 2020), but find fair agreement with the model
predictions of Li et al. (2023).

the 4000Å break. For example, the F356W band probes fully477

blueward of 4000Å at z ⇠ 9. This will flatten the inferred478

spectral slope (i.e., lower �opt) for sources that are blue in the479

rest-frame UV and increase the likelihood that sources will480

fall below our continuum slope cut. This may help explain481

the rapid decline in the redshift distribution above z ⇠ 8.482

4.3. Number Density483

In this section, we present the rest-frame UV luminosity484

function (LF) of the LRDs in our sample. To determine the485

rest-UV magnitude of our sources, we extrapolate our best-486

fit to the blue continuum to rest-frame 1450Å. The resulting487

absolute magnitudes at this wavelength are listed in Table 3.488

To compute the number density of our sample, we employ489

the 1/Vmax method (Schmidt 1968):490

�(m) dm =
X

i

1
Vi(Mi)

(3)491

where Vi(Mi) is the maximum comoving volume in which492

source i with absolute magnitude Mi is detectable. For a493

given survey area �⌦ and a redshift range zmin < z < zmax,494

the comoving volume is computed as:495

Vi =
c �⌦i

H0

Z zmax,i

zmin

DL(z)2

(1 + z)2 [⌦m(1 + z)3 +⌦⇤]-1/2. (4)496

We account for magnitude incompleteness effects by com-497

puting the total survey area (�⌦i) and maximum redshift498

(zmax,i) over which each source could have been detected.499

Given that our sources are substantially fainter in the rest-UV500

versus the rest-optical, the latter is largely driven by the re-501

Table 4. Rest-frame UV luminosity function of our sample of LRDs
in the redshift range 4.5 < z < 6.5 and 6.5 < z < 8.5.

MUV N �

(AB Mag) (Mpc-3 mag-1)
4.5 < z < 6.5

-17.0 22 -4.59±0.10
-18.0 62 -4.53±0.06
-19.0 56 -4.69±0.06
-20.0 22 -5.10±0.10
-21.0 3 -5.96+0.29

-0.34

6.5 < z < 8.5
-17.0 14 -4.53±0.13
-18.0 33 -4.61±0.08
-19.0 28 -4.87+0.09

-0.08

-20.0 13 -5.23+0.13
-0.14

-21.0 3 -5.87+0.29
-0.34

-22.0 1 -6.35+0.52
-0.76

quirement that sources have rest-UV flux measurements with502

which to measure a continuum slope.503

We calculate the LF using a bin size of 1.0 magnitude504

and over two redshift ranges: 4.5 < z < 6.5 and 6.5 < z <505

8.5. The uncertainty on the resulting number densities is506

estimated with Poisson statistics corrected for low number507

counts following Gehrels (1986).508

Our calculated number densities are listed in Table 4509

and shown in Figure 8. We find good agreement with510

the number densities reported by Kokorev et al. (2024) for511

their color-selected samples of LRDs, as well as those in-512

z~5 QLF (JWST+HSC+SDSS+others)

M∙ ≃ 106−8 M⊙

Abundant & low-luminosity AGNs (low-mass BHs) detected with JWST 
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Figure 1.3 The predicted evolution of the BH-stellar mass relation, 𝑀• – 𝑀★, for quasars at
high redshifts of 4 < 𝑧 < 11, for which the virial BH mass and stellar mass (or gas dynami-
cal mass with the [C II] 158 𝜇𝑚 line) are measured; the 𝑧 ∼ 8.68 AGN (Larson et al., 2023),
two quasars with notably overmassive BHs (Übler et al., 2023; Wu et al., 2015), two quasars
J2236+0032 and J2255+0251 (Ding et al., 2022), three quasars (GLASS 150029, CEERS
00397, and CEERS 00717; Harikane et al. 2023), one overmassive quasar found by Maiolino
et al. (2023a), and the BH in GN-z11 (Maiolino et al., 2023b). Open star symbols represent the
other low-luminosity AGNs at 𝑧 ∼ 4 – 7 reported by JWST observations (Kocevski et al., 2023;
Harikane et al., 2023; Maiolino et al., 2023a). The grey and black dots present the distribution
of 𝑧 ∼ 0 broad-line AGNs (Reines and Volonteri, 2015) and 𝑧 ∼ 6 quasars (Izumi et al., 2021),
where the total stellar mass and gas dynamical mass are applied, respectively.
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2-1. Little Red Dots 
(observations)

NOTE: they seem a new population at high-z sources. We haven’t reached a conclusion. 
Thus, I might talk about some chaos…



Little Red Dots

e.g., Kocevski+23,24, Labbe+24, Greene+24, Kokorev+24,
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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

10 Matthee et al.

Figure 6. Example fits of three broad H↵ line pro-

files. In each of the three panels, we show the 2D emission-

line spectrum, the optimally extracted 1D spectrum (blue,

errors in blue shades) and the best-fit two component model

(black solid line, where the solid red line shows the narrow

H↵ component and the dashed red line the broad H↵ com-

ponent, and green shows [NII]) and the residual of the shown

two component and the best-fit single component model.

The examples shown span the range of broad to total flux

ratios from Lbroad/Ltot = 0.28, 0.66 to 0.87, from top to bot-

tom. Fits for the full sample are shown in Fig. 21.

Figure 7. Median stacked 2D H↵ spectrum of the

20 BL H↵ emitters at z ⇠ 5. The top panel shows the

continuum-removed data, the next three panels show the

three individual components that are combined in the total

model (fifth panel). The residuals from the best-fit model

are shown in the bottom panel. A power law scaling with

exponent � = 0.33 is used to highlight low surface brightness

emission.

lines from nearby components from the spectrum (as in
Section 3.3) before stacking.
Fig. 7 shows the stacked 2D spectrum of the full sam-

ple. We require a three component gaussian model to
yield a good fit (with �

2

red
= 0.95) to the data that does

not leave strong residual structures. The best-fit three
component model to the stacked spectrum consists of a
narrow and a broad component that are spatially unre-
solved in the spatial direction, in addition to a second
relatively narrow component (named “extended” com-
ponent) that is significantly more extended in the spatial
direction (with FWHM of 0.4500, about 2.5 kpc). The
best-fit line-widths (FWHM) of the components are 430,
2550 and 1000 km s�1, for the narrow, broad and third
component, respectively. However, we note that any
spatial extent in the dispersion direction would lead to
artificial line broadening in the grism data. This may
plausibly be the case for the third component that is spa-
tially extended in the direction orthogonal to the disper-
sion. If we assume that this spatial extent is spherically
symmetric, the corrected line-width would be ⇡ 800 km
s�1. Despite allowing the spatial and spectral centroids
of the third component to vary, we find that all three

• Very compact & red sources (in JWST NIRCam)
• Broad-component of Balmer lines (Ha/Hb)



Normal (unobscured) AGNs seen by JWST

Onoue+23,  
Kocevski+23,  
Guo+24 in prep

• Very compact (unless galaxy light dominates) 
• Flat SED in Fν (NIRCam) + broad Balmer lines (NIRSpec)

Lyman break

Hb+[OIII] Ha



Characteristic v-shape SEDs

narrow-line Balmer decrement of Hα/Hβ= 3.9± 0.5, and
CEERS 2782 has a narrow-line Hα/Hβ= 5.3± 2.1. We use
these Balmer decrements as priors to inform the SED fitting in
Sections 6.2 and 6.3.

Intriguingly, both AGNs have weak emission-line features
that are consistent with marginally detected [Fe X] λ6376, as
seen in Figures 2 and 4. [Fe X] is a coronal emission line with
an ionization potential of 262 eV that is observed in low-mass
AGNs in the local Universe (e.g., Molina et al. 2021). The
putative [Fe X] emission lines are marginally detected with S/
N = 2.4 for CEERS 2782 and only S/N = 1.5 for CEERS 746.
Both lines are best fit to be slightly redder than the other
narrow-line features: if the marginal detections represent
genuine emission lines, then they may indicate a kinematic
offset between the extreme-ionization coronal gas and the
narrow-line region.

Finally, in Figure 5 we plot the narrow emission line ratios of
both sources on the BPT ([O III]/Hβ vs. [N II]/Hα; Baldwin
et al. 1981) and OHNO ([O III]/Hβ vs. [Ne III]/[O II];
Backhaus et al. 2022) line ratio diagnostics that are commonly
used to classify galaxies as dominated by emission from AGNs
or star formation. The colored curves in Figure 5 indicate
MAPPINGS V photoionization models from Kewley et al.
(2019), with different colored curves for different ionizations
( ( [ ]) [ ]Qlog cm s 7, 8, 91 =- increasing left to right), metalli-
city along each curve (Z/Ze= [1, 0.4, 0.2, 0.05] as indicated in
the legend), and curves shown for each of three
thermal pressures ( ( [ ]) [ ]Pklog K cm 7, 8, 9B

1 3 =- - ). The
MAPPINGS V models use α-enhanced abundances as
described in Nicholls et al. (2017), such that low metallicities
include enhanced relative abundances of O and Ne (and a lower
relative abundance of N). Figure 5 also includes comparison
samples of high-redshift galaxy line ratios from early JWST
spectroscopy: stacked CEERS measurements from Sanders
et al. (2023) in the BPT and SMACS ERO galaxies from
Trump et al. (2023) in the OHNO diagram.

At low redshift (z 2), AGNs typically have higher
[N II]/Hα, [O III]/Hβ, and [Ne III]/[O II] ratios owing to harder

ionizing radiation from the AGN accretion disk, and line-ratio
diagnostics shown in Figure 5 can be used to separate AGNs
from star-forming galaxies. However, high-redshift galaxies
show systematic offsets relative to galaxies and AGNs at z= 0,
with higher ionization and lower metallicity in both AGNs and
from star-forming H II regions (Shapley et al. 2005; Erb et al.
2006; Liu et al. 2008; Kewley et al. 2013a, 2013b; Sanders
et al. 2023). Both CEERS 2782 and CEERS 746 have high
[O III]/Hβ, low [N II]/Hα, and high [Ne III]/[O II] line ratios
that are consistent with MAPPINGS V photoionization models
for high ionization ( ( [ ])Qlog cm s 81 - ) and moderately low
metallicity (Z/Ze; 0.2–0.4).
The AGN line ratios and interstellar medium conditions

implied in Figure 5 are virtually indistinguishable from star-
forming galaxies observed at similar redshifts, since high-
redshift H II regions have similarly high ionization and low
metallicity to these z∼ 5 AGN narrow-line regions. Photo-
ionization models show that low-metallicity AGNs can have
similar [O III]/Hβ and [N II]/Hα ratios and lie within or even
below the star-forming branch (Groves et al. 2006; Feltre et al.
2016). Although low-metallicity AGNs are rare in the local
Universe (e.g., Storchi-Bergmann et al. 1998; Groves et al.
2006), recent simulations that make use of the AGN
photoionization models presented in Feltre et al. (2016) predict
that high-redshift, low-metallicity AGNs should primarily
occupy the top portion of the local star-forming branch
(Hirschmann et al. 2019, 2022), which is consistent with our
findings. The fact that neither source is X-ray detected and that
their BPT line ratios are similar to that of star-forming galaxies
observed at the same redshift means that their broad-line
emission may be one of the few ways to detect these high-
redshift low-luminosity AGNs. Other possible approaches
include diagnostics with high-ionization and extreme-ioniz-
ation lines (e.g., He II and [Ne V]; Feltre et al. 2016; Nakajima
& Maiolino 2022; Cleri et al. 2023). Preselection with
photometric colors may also be useful to select fast-growing
BHs with MBH∼ 106−107Me in metal-poor environments
(Inayoshi et al. 2022b).

Figure 3. The SEDs of the two low-luminosity AGNs (CEERS 2782 and CEERS 746) obtained with the JSWT NIRSpec and NIRCam. (a) The continuum spectral
shape is explained by the composite quasar spectrum of VB01 scaled to match the photometry of CEERS 2782 (blue) and is fitted well with a single power law with an
index of αλ = − 1.14 (dashed). The galaxy SED model with Må ; 2.5 × 109 Me is overlaid (red), where the stellar continuum in the F356W filter becomes
comparable to the observed F356W flux density. This gives a robust upper bound of the underlying stellar population. (b) The source has a blue continuum spectrum
with a UV slope of αλ < − 3.0 at λobs ; 1–2 μm and a very steep continuum spectrum (αλ ; 2.0). The redder part can be explained by either a heavily obscured
quasar (cyan) or a dusty starburst galaxy (red). As a possible explanation of the blue excess in the spectrum, the unobscured broad-line AGN contribution is added to
the dusty starburst galaxy (blue). In the dusty galaxy model, the stellar mass is found to be Må ; 5.5 × 1010 Me (see the text in Section 6.3).
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Dust obscured galaxies?

Dust obscured AGNs?
Unobscured galaxies?

Scatted AGN light?

huge stellar mass (~1011Msun) 
in compact scales (<100pc)…

can coincident events explain the 
uniformity of v-shape SEDs?

Two components!! really? simpler is better…

If it’s an AGN,  
Lbol ~ 1046 erg/s



LRD’s SED at near IR
19

Figure 10. Rest-frame optical and NIR colors for the LRDs (left, with measured and upper limit fluxes shown with circles
and arrows, respectively) and di↵erent templates and best-fit models (right). The 0.4-to-1 µm color traces the optical slope
and thus it is a good proxy for the dust attenuation. The 1-to-3 µm color tracks the amount of dust emission relative to the
stellar or accretion disk emission which dominates the UV-optical SED, probed by the 0.4-to-1.0 µm color. The LRDs exhibit
values in between a stellar-only sequence with 1-to-3 µ⇠0 (or up to 0.5 mag with increasing nebular continuum) indicated by
the solid black and magenta dashed lines on the right, and the torus-dominated sequence outlined by the colors of the Polletta
et al. (2007) QSO1 template with increasing A(V), indicated with a solid grey line on the top-left, converging to the color of
a Polletta et al. (2007) Torus template (black square). The dashed and dashed-dotted grey lines show a similar sequence for
the HDD template of Lyu et al. (2017) and the accretion disk model with slope ↵ = 1/3 used in prospector-AGN. The green
and blue dashed lines and markers illustrate the sequence toward redder 1-to-3 µm colors with increasing dust emission from
star-formation (log(LIR/L�) = 12� 13) or the Nenkova et al. (2008) clumpy torus (log(LIR/erg s�1)=44.0-45.5) relative to the
stellar or accretion disk continuum (solid black and dashed grey lines on the right).

The behavior can be discussed in terms of the color-
color behavior in Figure 10. The black horizontal line
in the figure shows the flat 1-to-3 µm color of a stellar
population with zero contribution from dust emission,
which peaks at 1.6 µm. The magenta region indicates
the redder colors up to 0.5 mag relative to the stellar
continuum due to increasing amounts of nebular contin-
uum (magenta dashed line in the left panel). The 3 grey
lines indicate the color tracks with increasing attenua-
tion (A(V)=1 to 4 mag) for the Polletta et al. (2007)
QSO1 template (solid), the hot dust deficient (HDD)
template of Lyu et al. (2017) used in prospector-

AGN+ (dashed-dotted), and the accretion disk model
with declining slope (↵ = 1/3) and zero dust emission
used in prospector-AGN. The right panel of Figure 10
illustrates some of same trends as they a↵ect the SED
templates.
Figure 10 illustrates how the modeling codes pop-

ulate the color-color diagram between the flat (color
⇠ 0 mag) stellar-only sequence, and the hot-dust dom-
inated sequence of the QSO1 template with increas-
ing contributions from dust emission (i.e., larger IR-
luminosities) from star-formation or an AGN, relative
to the stellar or accretion disk continua. The color-color

tracks ranging from moderate to high infrared luminosi-
ties (indicated in log(L(L�)) for the star-forming case
and log(L(ergs s�1) for AGNs) are computed by scal-
ing the dust emission (fdust/ftotal=5% to 60% at 2 µm)
of JADES�57356. As expected, the star-forming dust
templates exhibit larger luminosities than the torus at
similar 1-to-3 µm colors because their SEDs extend to
longer wavelengths with a more prominent peak (see also
Figure 16 in the appendix). While a single NIR color is
not able to capture all the nuances of the di↵erent dust
emission templates, Figure 16 shows that the torus and
star-forming dust templates in Siebenmorgen & Krügel
(2007) and Nenkova et al. (2008) have similar slopes
for the same normalization (i.e., same fdust/ftotal value).
Consequently, the four modeling codes can all, in prin-
ciple, reproduce the NIR continuum of the LRDs.
The Golden Five galaxies with direct detections be-

yond rest-frame ⇠2 µm exhibit colors that are at least
1 mag redder than a flat, stellar-only SED. In particular,
two of them (JADES�57356 and JADES�79803) have
very red colors, [1-to-3 µm]⇠ 2 mag, indicative of large
dust emissions and IR luminosities. JADES-219000 and
JADES-211388 are not well constrained beyond 2 µm
because of their higher redshifts, but upper/lower trian-

Pérez-González+ (2024)

Obscured galaxy

Obscured AGNs
(hot dust)

LRD SED



LRD’s SED at near IR

F444W filter). The full median-stacked SED for the sample of
LRDs is shown in the bottom panel of Figure 6. For
comparison, we also plot two example SEDs: one for a
reddened quasar and its host galaxy, placed at the median
redshift of our LRD sample (Mrk 231; Polletta et al. 2007) and
a prospector best-fit model that is representative in shape
of a number of our LRDs among the H-band dropout sample
(ID 121710). It is immediately clear that the turnover in the
median MIRI SED strongly disfavors a reddened AGN shape,
and instead agrees better with the moderately dusty and
moderately old stellar model describing ID 121710 (mass-
weighted age∼ 500 Myr, AV∼ 1). Notably, we find that the
limits in the color from the median stack indicate that the SEDs
of our sources must be quite flat between F444W and F2100W,
with color F444W – F2100W∼ 0 (and even consistent with a
blue color, i.e., a turnover, given the lack of a significant
stacked detection in F2100W).

Evidence for emission line boosting versus AGN continuum
in LRDs. Emission line boosting in F444W could also generate
red F277W – F444W with blue F444W – F2100W colors,
either from [O III]+Hβ at z> 7 or Hα at z∼ 5. To explore
this possibility, we also plot the rest-frame optical colors versus
F444W – F770W (right panel of Figure 5), which should be
very blue if F444W is boosted by emission lines (note that we
choose F770W because F560W can also be contaminated by
Hα emission when [O III]+Hβ is in F444W). We find that the
majority of the LRDs have weakly red or flat F444W – F770W
colors, suggesting that the F277W – F444W color is not red
due to significant line boosting in F444W. We additionally find
that the median SED color of F444W – F770W= 0.7, which is
not consistent with the idea that F444W – F2100W is blue or

flat in spite of a red continuum because of strong emission line
boosting F444W. These colors also suggest that the red rest-
frame optical colors are dominated by stellar emission and not
obscured AGN emission (which would predict a continual red
rise into the mid-infrared from an AGN continuum rather than a
turnover from the stellar bump). However, the colors cannot
rule out an obscured mid-infrared-dominant AGN whose
continuum begins to dominate the SED at rest-frame
wavelengths> 3 μm.
We note that the theoretical AGN templates provided with

prospector may not correspond fully to reality; an
alternative approach uses empirically based templates (see the
review by Lyu & Rieke 2022). To explore this approach, we
run prospector on our full sample while using a modified
and more realistic mid-infrared AGN template set (Lyu &
Rieke 2018). We follow the prospector setup as outlined in
Lyu et al. (2024). We find that, in line with our exploration of
the NIRCam–MIRI colors, the contribution to the rest-frame
0.5–3 μm continuum of LRDs is not obviously dominated by
an obscured AGN. In reality, individual sources may exhibit a
broad variety of behavior near rest-frame 3 μm (where the
presence of a mid-infrared AGN is expected to be most obvious
among typical star-forming galaxies), and the analysis is
complicated by the effect of strong emission lines and the low
S/Ns of the longest-wavelength MIRI data.
Further, we do a similar exploration using CIGALE

(Boquien et al. 2019), which for samples in the literature has
found that the steep slopes of the rest-frame optical continua of
LRDs have a preferred origin from AGN continua, based on
HST+NIRCam photometry alone. For this experiment we use
the SKIRTOR AGN model, a clumpy two-phase torus model

Figure 6. Top panel: stacked MIRI images from 5.6–25 μm of the LRD subset of H-band dropouts (3.6” on a side). Bottom panel: stacked observed SED of the LRD
subset, where the NIRCam points are the median and interquartile range of the measured photometry, and the MIRI points are measured from the median-stacked
imaging in the top panel. The stacks are consistent with flattening of the rest-frame near-infrared SED that was observed in the forced photometry of individual
sources. They are not consistent with rising mid-infrared flux from a dust-obscured AGN (e.g., Mrk 231; Polletta et al. 2007) and are a better match to stellar models of
moderate dust and age (red).
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F444W filter). The full median-stacked SED for the sample of
LRDs is shown in the bottom panel of Figure 6. For
comparison, we also plot two example SEDs: one for a
reddened quasar and its host galaxy, placed at the median
redshift of our LRD sample (Mrk 231; Polletta et al. 2007) and
a prospector best-fit model that is representative in shape
of a number of our LRDs among the H-band dropout sample
(ID 121710). It is immediately clear that the turnover in the
median MIRI SED strongly disfavors a reddened AGN shape,
and instead agrees better with the moderately dusty and
moderately old stellar model describing ID 121710 (mass-
weighted age∼ 500 Myr, AV∼ 1). Notably, we find that the
limits in the color from the median stack indicate that the SEDs
of our sources must be quite flat between F444W and F2100W,
with color F444W – F2100W∼ 0 (and even consistent with a
blue color, i.e., a turnover, given the lack of a significant
stacked detection in F2100W).

Evidence for emission line boosting versus AGN continuum
in LRDs. Emission line boosting in F444W could also generate
red F277W – F444W with blue F444W – F2100W colors,
either from [O III]+Hβ at z> 7 or Hα at z∼ 5. To explore
this possibility, we also plot the rest-frame optical colors versus
F444W – F770W (right panel of Figure 5), which should be
very blue if F444W is boosted by emission lines (note that we
choose F770W because F560W can also be contaminated by
Hα emission when [O III]+Hβ is in F444W). We find that the
majority of the LRDs have weakly red or flat F444W – F770W
colors, suggesting that the F277W – F444W color is not red
due to significant line boosting in F444W. We additionally find
that the median SED color of F444W – F770W= 0.7, which is
not consistent with the idea that F444W – F2100W is blue or

flat in spite of a red continuum because of strong emission line
boosting F444W. These colors also suggest that the red rest-
frame optical colors are dominated by stellar emission and not
obscured AGN emission (which would predict a continual red
rise into the mid-infrared from an AGN continuum rather than a
turnover from the stellar bump). However, the colors cannot
rule out an obscured mid-infrared-dominant AGN whose
continuum begins to dominate the SED at rest-frame
wavelengths> 3 μm.
We note that the theoretical AGN templates provided with

prospector may not correspond fully to reality; an
alternative approach uses empirically based templates (see the
review by Lyu & Rieke 2022). To explore this approach, we
run prospector on our full sample while using a modified
and more realistic mid-infrared AGN template set (Lyu &
Rieke 2018). We follow the prospector setup as outlined in
Lyu et al. (2024). We find that, in line with our exploration of
the NIRCam–MIRI colors, the contribution to the rest-frame
0.5–3 μm continuum of LRDs is not obviously dominated by
an obscured AGN. In reality, individual sources may exhibit a
broad variety of behavior near rest-frame 3 μm (where the
presence of a mid-infrared AGN is expected to be most obvious
among typical star-forming galaxies), and the analysis is
complicated by the effect of strong emission lines and the low
S/Ns of the longest-wavelength MIRI data.
Further, we do a similar exploration using CIGALE

(Boquien et al. 2019), which for samples in the literature has
found that the steep slopes of the rest-frame optical continua of
LRDs have a preferred origin from AGN continua, based on
HST+NIRCam photometry alone. For this experiment we use
the SKIRTOR AGN model, a clumpy two-phase torus model

Figure 6. Top panel: stacked MIRI images from 5.6–25 μm of the LRD subset of H-band dropouts (3.6” on a side). Bottom panel: stacked observed SED of the LRD
subset, where the NIRCam points are the median and interquartile range of the measured photometry, and the MIRI points are measured from the median-stacked
imaging in the top panel. The stacks are consistent with flattening of the rest-frame near-infrared SED that was observed in the forced photometry of individual
sources. They are not consistent with rising mid-infrared flux from a dust-obscured AGN (e.g., Mrk 231; Polletta et al. 2007) and are a better match to stellar models of
moderate dust and age (red).
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Figure 5. Same as Figure 4, but for four bright LRDs with MIRI F1800W coverage from PRIMER. Two sources (above) are
only in COSMOS-Web NIRCam coverage, but fall within the PRIMER MIRI coverage; two sources (below) have both PRIMER
NIRCam and MIRI coverage. In all cases, the MIRI F1800W imaging yields marginal or non-detections, consistent with a flat
SED in f⌫ from rest-frame ⇠ 1–3 µm.

Akins+2024

NIR (AGN→
hot dust)

galaxy

• JWST MIRI data disfavors AGN models for optical continuum 
• No hot dust heated by AGNs (otherwise, very red in NIR)
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Figure 13. Median-stacked panchromatic SED for the COSMOS-Web LRDs. Top: Stacked images in all HST/JWST bands
available, as well as Chandra X-ray, Spitzer/MIPS 24 µm, JCMT/SCUBA-2 850 µm, ALMA 1.2 and 2.0 mm imaging, and
MeerKAT/VLA 1.3 and 3GHz imaging. Each stack is annotated with the number of objects contributing to the stack. For
HST/JWST, we show in light red the apertures used to extract photometry directly from the stacks. For the remaining bands,
we show a 5” square to guide the eye given the varying resolution of the images. Bottom: full panchromatic SED for the
median COSMOS-Web LRD. Photometry measured from stacks (or 5� upper limits from the non-detections) are shown in
black. We plot the maximal allowed SED model in red. The faint blue lines in the X-ray and UV/optical show the intrinsic
(i.e., unattenuated) SEDs for the corona and the accretion disk. We plot two alternative X-ray SEDs consistent with the data,
a Compton-thin model with an anomalously low ↵OX (solid) and a Compton-thick model with a normal ↵OX given the optical
luminosity (dashed). In the far-IR, we show several single-temperature blackbodies at di↵erent normalizations, ranging from
to cold ISM dust the hottest possible dust, at the sublimation temperature. The maximal SED model includes a total dust
luminosity of 2 ⇥ 1012 L� with a Gaussian temperature distribution ⇠ 200 ± 75K. Finally, in the radio, we adopt a slope
↵ = �1.5 consistent with radio-loud AGN (Endsley et al. 2022b; Lambrides et al. 2023). For reference, we also plot the best-fit
model SEDs for a z = 5.85 DSFG (MAMBO-9; Akins et al. in prep) and a z = 6.85 obscured AGN (COS-87259; Endsley et al.
2022b,c).
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Figure 13. Median-stacked panchromatic SED for the COSMOS-Web LRDs. Top: Stacked images in all HST/JWST bands
available, as well as Chandra X-ray, Spitzer/MIPS 24 µm, JCMT/SCUBA-2 850 µm, ALMA 1.2 and 2.0 mm imaging, and
MeerKAT/VLA 1.3 and 3GHz imaging. Each stack is annotated with the number of objects contributing to the stack. For
HST/JWST, we show in light red the apertures used to extract photometry directly from the stacks. For the remaining bands,
we show a 5” square to guide the eye given the varying resolution of the images. Bottom: full panchromatic SED for the
median COSMOS-Web LRD. Photometry measured from stacks (or 5� upper limits from the non-detections) are shown in
black. We plot the maximal allowed SED model in red. The faint blue lines in the X-ray and UV/optical show the intrinsic
(i.e., unattenuated) SEDs for the corona and the accretion disk. We plot two alternative X-ray SEDs consistent with the data,
a Compton-thin model with an anomalously low ↵OX (solid) and a Compton-thick model with a normal ↵OX given the optical
luminosity (dashed). In the far-IR, we show several single-temperature blackbodies at di↵erent normalizations, ranging from
to cold ISM dust the hottest possible dust, at the sublimation temperature. The maximal SED model includes a total dust
luminosity of 2 ⇥ 1012 L� with a Gaussian temperature distribution ⇠ 200 ± 75K. Finally, in the radio, we adopt a slope
↵ = �1.5 consistent with radio-loud AGN (Endsley et al. 2022b; Lambrides et al. 2023). For reference, we also plot the best-fit
model SEDs for a z = 5.85 DSFG (MAMBO-9; Akins et al. in prep) and a z = 6.85 obscured AGN (COS-87259; Endsley et al.
2022b,c).

ALMA non-detection

Observed LRD’s SED



AGN hypothesis Galaxy hypothesis

Image Compact No robust host detection*

Broad-line 
emission The best explanation Stellar origin (WRs/SNe)?

Red optical Dust-reddened AGN dust-reddened galaxy 
(require too massive galaxy)

Blue UV
Unknown 

(the host galaxy?)
Unknown

Faint NIR
No hot dust heated 

by AGN?
Consistent

X-ray weak Unknown (super-Edd?) Consistent

ALMA 
no detection No problem

No cold dust heated by 
star bursts?

A short summary of observations



2-2. Little Red Dots 
(SED model)

Li, KI, Chen, Ichikawa & Ho (2024) 
arXiv:2407.10760

Solutions for UV/NIR parts of LRD’s SED



Extinction laws in dense systems
3

Figure 1. Extinction curves as a function of wavelength nor-
malized by the visual extinction at 5500 Å: the Small Mag-
ellanic Cloud (SMC, Gordon et al. 2003), starburst galaxies
(Calzetti et al. 2000), the interstellar dust in Milky Way with
RV = 3.1 and 5.0 (Cardelli et al. 1989), high-redshift galax-
ies at 6 < z < 12 (Markov et al. 2024), the Orion Nebula
(Baldwin et al. 1991), and composite AGN spectra (Gaskell
et al. 2004). Extinction curves in the absence of small-size
dust grains, as observed in the Orion Nebula, are significantly
flattened at � < 2500 Å, unlike the other models commonly
used in galaxy SED fitting methodology (e.g. Calzetii’s law
in Labbe et al. 2023).

at 6 < z < 12 (Markov et al. 2024), the Orion Neb-
ula (Baldwin et al. 1991), and composite AGN spectra
(Gaskell et al. 2004). The SMC and Calzetti’s laws are
commonly used in galaxy SED fitting methodology (e.g.,
Carnall et al. 2018; Boquien et al. 2019). These models
suggest that the extinction level nearly monotonically
increases to shorter wavelengths. The extinction curve
for the Milky Way interstellar dust also shows a similar
behavior with a bump at � ⇠ 2175 Å, which is con-
sidered to originate from small graphite grains and/or
polycyclic aromatic hydrocarbon nanoparticles (Draine
& Lee 1984). In contrast, the extinction law measured in
the Orion Nebula, one of the brightest nebulae powered
by the central massive star forming region, exhibits a
curve that is significantly flattened in the far-UV wave-
length range and shows the absence of the 2175 Å bump.
The relatively grey extinction curve can be explained by
the deficit of small-size dust grains. Importantly, simi-
lar extinction laws are also observed in those of AGNs
(Gaskell et al. 2004; see also Maiolino et al. 2001a, Xie
& Ho 2022), which might preferentially remove small
grains with sizes of a . 0.1 µm. Additionally, JWST
NIRSpec observations indicate a flattening trend of dust
extinction in star-forming galaxies at 6 < z < 11, po-
tentially due to the formation of large-size dust grains
within energetic supernova ejecta (Markov et al. 2024).

Figure 2. The flux densities of dust-reddened AGNs nor-
malized at 4000 Å (solid curves), where the incident quasar
SED is adopted from a SED template model with a re-
moval of host galaxy and dust emission contributions (dashed
curves, Temple et al. 2021). The six di↵erent extinction laws
shown in Figure 1 are applied by setting a visual extinction
of AV = 3 mag. The Markov’s extinction curve is not used
because of the lack of full wavelength coverage. The SED
shaped with the Orion Nebula extinction law reproduces the
characteristic v-shape SED of LRDs. The averaged photo-
metric data of LDRs at z ⇠ 5.5 and 7.5 are overlaid for
comparison (Barro et al. 2023).

In Figure 2, we show the attenuated flux using the five
extinction laws. We here adopt the composite SED of
low-z quasars from Temple et al. (2021) as the incident
flux. This model provides empirical SED templates for
unobscured quasars with E(B�V ) < 0.3 by using a to-
tal of ⇠ 1.5⇥104 SDSS quasars with redshifts 0 < z < 5.
The SED covers from the rest-frame UV to NIR up to 3
µm. In these templates, the contribution from starlight
from the host galaxy is quantified using large quasar
samples and subtracted to isolate the pure quasar SED.
For this work, we generate the SED template at z ' 5,
which excludes both the host galaxy and dust contri-
bution. In contrast, the widely-used quasar SED tem-
plate provided by Vanden Berk et al. (2001) is known
to retain significant galaxy contributions, leading to a
substantially redder spectrum at � & 5000 Å compared
to those in Temple et al. (2021). Although this dis-
crepancy between the two SED models does not impact
our analysis of the rest-frame UV-to-optical characteris-
tics of LRDs, it introduces a serious inconsistency with
rest-frame NIR observations due to inadequate subtrac-
tion of host galaxy contributions (e.g., MIRI photome-
try; Pérez-González et al. 2024). Therefore, for the pur-
pose of accurately modeling LRD SEDs in the absence

- ISM extinction laws (see text book)

due to the deficit of small-size grains;

- SMC / Calzetti’s laws (everyone uses)

• Heavier extinction from optical to UV

• Gray extinction at UV ranges (<3000A)

- Orion Nebula (everyone knows)

- Composite AGN spectra

- High-z galaxies (6<z<13)

a < λ/2π ∼ 0.06 μm

opticalUV near-IR



AGN SED + Extinction
3

Figure 1. Extinction curves as a function of wavelength nor-
malized by the visual extinction at 5500 Å: the Small Mag-
ellanic Cloud (SMC, Gordon et al. 2003), starburst galaxies
(Calzetti et al. 2000), the interstellar dust in Milky Way with
RV = 3.1 and 5.0 (Cardelli et al. 1989), high-redshift galax-
ies at 6 < z < 12 (Markov et al. 2024), the Orion Nebula
(Baldwin et al. 1991), and composite AGN spectra (Gaskell
et al. 2004). Extinction curves in the absence of small-size
dust grains, as observed in the Orion Nebula, are significantly
flattened at � < 2500 Å, unlike the other models commonly
used in galaxy SED fitting methodology (e.g. Calzetii’s law
in Labbe et al. 2023).

at 6 < z < 12 (Markov et al. 2024), the Orion Neb-
ula (Baldwin et al. 1991), and composite AGN spectra
(Gaskell et al. 2004). The SMC and Calzetti’s laws are
commonly used in galaxy SED fitting methodology (e.g.,
Carnall et al. 2018; Boquien et al. 2019). These models
suggest that the extinction level nearly monotonically
increases to shorter wavelengths. The extinction curve
for the Milky Way interstellar dust also shows a similar
behavior with a bump at � ⇠ 2175 Å, which is con-
sidered to originate from small graphite grains and/or
polycyclic aromatic hydrocarbon nanoparticles (Draine
& Lee 1984). In contrast, the extinction law measured in
the Orion Nebula, one of the brightest nebulae powered
by the central massive star forming region, exhibits a
curve that is significantly flattened in the far-UV wave-
length range and shows the absence of the 2175 Å bump.
The relatively grey extinction curve can be explained by
the deficit of small-size dust grains. Importantly, simi-
lar extinction laws are also observed in those of AGNs
(Gaskell et al. 2004; see also Maiolino et al. 2001a, Xie
& Ho 2022), which might preferentially remove small
grains with sizes of a . 0.1 µm. Additionally, JWST
NIRSpec observations indicate a flattening trend of dust
extinction in star-forming galaxies at 6 < z < 11, po-
tentially due to the formation of large-size dust grains
within energetic supernova ejecta (Markov et al. 2024).

Figure 2. The flux densities of dust-reddened AGNs nor-
malized at 4000 Å (solid curves), where the incident quasar
SED is adopted from a SED template model with a re-
moval of host galaxy and dust emission contributions (dashed
curves, Temple et al. 2021). The six di↵erent extinction laws
shown in Figure 1 are applied by setting a visual extinction
of AV = 3 mag. The Markov’s extinction curve is not used
because of the lack of full wavelength coverage. The SED
shaped with the Orion Nebula extinction law reproduces the
characteristic v-shape SED of LRDs. The averaged photo-
metric data of LDRs at z ⇠ 5.5 and 7.5 are overlaid for
comparison (Barro et al. 2023).

In Figure 2, we show the attenuated flux using the five
extinction laws. We here adopt the composite SED of
low-z quasars from Temple et al. (2021) as the incident
flux. This model provides empirical SED templates for
unobscured quasars with E(B�V ) < 0.3 by using a to-
tal of ⇠ 1.5⇥104 SDSS quasars with redshifts 0 < z < 5.
The SED covers from the rest-frame UV to NIR up to 3
µm. In these templates, the contribution from starlight
from the host galaxy is quantified using large quasar
samples and subtracted to isolate the pure quasar SED.
For this work, we generate the SED template at z ' 5,
which excludes both the host galaxy and dust contri-
bution. In contrast, the widely-used quasar SED tem-
plate provided by Vanden Berk et al. (2001) is known
to retain significant galaxy contributions, leading to a
substantially redder spectrum at � & 5000 Å compared
to those in Temple et al. (2021). Although this dis-
crepancy between the two SED models does not impact
our analysis of the rest-frame UV-to-optical characteris-
tics of LRDs, it introduces a serious inconsistency with
rest-frame NIR observations due to inadequate subtrac-
tion of host galaxy contributions (e.g., MIRI photome-
try; Pérez-González et al. 2024). Therefore, for the pur-
pose of accurately modeling LRD SEDs in the absence

unobscured AGNs

Gray extinction maintains the v-shaped SED of LRDs



Re-emitted IR energy

hot dust

warm dust

cold dustTdust(r)

mass distribution: 

ρ(r) ∝ r−γ

centrally concentrated density

• Torus model γ > 1

IR emission from hot dust

less concentrated density

• Our model 0 < γ < 1

IR emission from relatively 
cooler dust

see also e.g.,  
Barvainis (1987), 
Hönig & Kishimoto (2017)



IR SED depending on density gradients

Li, KI, Chen+ 2024

γ = 2
γ = 1

γ = 0

Energy transfer from NIR to MIR with extended dust distribution
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Figure 6. Observed SEDs of LRDs in our model assuming an AGN bolometric luminosity of Lbol = 5⇥ 1045 erg s�1 at z = 6.
The colored curves presents variations in SEDs with gas density n0, ranging from 150 cm�3 (dark color) to 10 cm�3 (light
color), while maintaining a constant radial distribution index � = 0. The stacked photometric data for LRDs and upper bounds
talen from Akins et al. (2024) are overlaid. For comparison, we also show the SED templates of AGN hot dust tori (Torus
model), Apr 220, and Mrk 231 provided by (light blue curves, Polletta et al. 2007), for which the same bolometric luminosity
is assumed. At the bottom of the plot, we show the wavelength coverage of related telescopes.

continuum flux across the entire optical band, the re-
quired stellar mass would approach M? & 1011 M�,
comparable to that of the Milky Way. When combin-
ing such a high mass and their high abundance in the
cosmic volume, this scenario implies an extraordinary
stellar mass density that contradicts the standard cos-
mological framework (see also Inayoshi & Ichikawa 2024;
Akins et al. 2024). As a possible solution, Wang et al.
(2024) suggest that the stellar contribution on the SED
is limited to the short-wavelength range at � . 4000 Å
and the AGN is responsible for the red optical contin-
uum at the longer wavelengths. Under this assump-
tion, the SED fitting indicates a minimal stellar mass
of M? ⇠ 109 M�, resolving the tension with the cosmo-
logical prediction.
Here, we emphasize that our approach does not rule

out the existence of host galaxies in LRDs, but demon-
strates that the SED model focusing only on AGNs suc-
cessfully captures the characteristic spectral properties
of LRDs: (1) the v-shaped SED in rest-frame UV to
optical bands and (2) modest NIR emission. In our

AGN-only spectral model, as a natural consequence, the
red optical continuum is attributed to the attenuated
AGN light. This interpretation is indeed consistent with
observations that the observed continuum and H↵ line
fluxes for LRDs follow the empirical correlation observed
in nearby AGNs (Greene & Ho 2005). In other words,
if stellar light dominates the observed continuum flux
of LRDs, the EW of broad H↵ emission line would be
unusually high, compared to normal AGNs. This con-
sistency is crucial, as it strengthens the interpretation of
BH mass measurements using the single-epoch method.

4.3. Why do LRDs emerge at high redshifts of z > 4
with a universal SED shape?

There is a critical question: Why do LRDs emerge at

z > 4 with a uniform extinction level of AV = 3 mag?

There is no clear answer to this question at this time,
but some speculations are given below.
The key assumption in our model is the relaxation of

density concentration around the AGN. This idea im-
plies that LRDs form in the early stages of galaxy and

Multi-wavelength SED of LRDs (only AGN)

Li, KI, Chen+ 2024



Type1

New AGN unified model
• Classical unified model:  

Clear classification of low-z AGNs (type 1 vs 2), depending on the viewing angle 
due to the presence of dense dusty tori

Type2

low-z

• Intermediate stage (LRDs):  
Dynamically unsettled & extended gas/dust at higher redshifts, with a higher  
covering factor of BLRs

LRDs LRDs



3-1. Applications

KI & Ichikawa (2024) 
arXiv:2402.14706

Sołtan-Paczyński argument (BH growth & spin)



Soltan argument for QSOs

• Mass conservation law in accreting/illuminating BHs Soltan 1982, Yu & Tremaine 2002

ΔMBH = ∫ ·MBH dt = ∫
1 − ϵ

ϵ
⋅

L
c2

dt

MBH(z) = MBH(zs) + ΔMBH

ϵ : radiative efficiency ~ 10% 
 (disk model, BH spin) 
 theoretical max ~ 42%

北京大学本科生毕业论文

Figure 2.1 Top. The ISCO radius 𝑅ISCO of a rotating black hole as a function of the dimen-
sionless spin parameter 𝑎∗, as given by Equation (2.2). Bottom. The radiative efficiency 𝜖 of a
rotating black hole as a function of the dimensionless spin parameter 𝑎∗, as given by one minus
the right-hand side of Equation (2.3).

and the energy per unit test particle mass at the ISCO, E, is given by (Bardeen et al., 1972)

E
𝑐2 =

1 − 2 𝐺𝑀•
𝑐2𝑅ISCO

+ 𝑎∗
(

𝐺𝑀•
𝑐2𝑅ISCO

)3/2

√
1 − 3 𝐺𝑀•

𝑐2𝑅ISCO
+ 2𝑎∗

(
𝐺𝑀•

𝑐2𝑅ISCO

)3/2
. (2.3)

Equation (2.3) straightfowardly gives the radiative efficiency as one writes 𝐿 = #𝑀acc(𝑐2 − E)
and uses Equation (2.1).

Figure 2.1 shows the ISCO radius 𝑅ISCO and the radiative efficiency 𝜖 as a function of
the dimensionless spin parameter 𝑎∗. The ISCO radius decreases with 𝑎∗: for 𝑎∗ = −1, 0, 1,
𝑅ISCO/(𝐺𝑀•/𝑐2) = 9, 6, 1. On the other hand, the prograde orbit radiative efficiency ap-
proaches 𝜖 (𝑎∗ = 1) = 1 − 1/

√
3 ≈ 0.42 for an extreme-rotating black hole, significantly

exceeding that of a non-rotating black hole, 𝜖 (𝑎∗ = 0) = 1 −
√

8/9 ≈ 0.06 (the latter is al-
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Soltan argument for QSOs

• Mass conservation law in accreting/illuminating BHs Soltan 1982, Yu & Tremaine 2002

ρBH(z) = ρBH(zs) + ∫
1 − ϵ

ϵ
⋅

ℒ
c2

dt
dz

dz

≃ ρBH(zs) +
1 − ϵ̄
ϵ̄c2 ∫

z

zs

dz
dt
dz ∫

Lmax

Lmin

L
dΦL(z)
d log L

d log L

Mass density of local relic BHs = Mass accreted onto BHs over time

ϵ̄ ∼ 0.1 (a∙ ∼ 0.7)radiatively efficient accretion 
with moderate spins



4 Inayoshi & Ichikawa
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Figure 3. Left: Cosmic evolution of the BH mass density in a comoving volume. At z ⇠ 5, the BH mass density is derived from
the integration of the BHMF for LRDs (red symbols). From this point, the mass density grows toward lower redshifts following
the BHAD deduced from known AGN populations with a 10% radiative e�ciency (solid curve; Ueda et al. 2014) and reaches
the density of relic BHs in the nearby universe (Shankar et al. 2009). At z > 5, the cumulative mass accreted to BHs during the
LRD phase, �⇢• ⌘ BHAD⇥�t inferred from their bolometric luminosity function over a time span �t for given redshift range
based on the COSMOS-Web (magenta) and the other surveys (blue), assuming a 10% radiative e�ciency, substantially exceed
the observed mass density at z ' 5 as well as the predictions from a BH growth model calibrated with UV and X-ray selected
AGN luminosity function (dotted curve; Li et al. 2024a). Data for LRDs are derived from luminosity functions and BH mass
estimates provided in the literature (open symbols, Matthee et al. 2024; Greene et al. 2024; Kokorev et al. 2024; Akins et al.
2024) and the mean values for each group (filled symbols). Right: Summary of the BH mass density and the cumulative mass
density during the LRD phase assuming a 10% radiative e�ciency. Shaded areas indicate the BH mass density ⇢• at z ' 5
(red) and the cumulative mass density accrued during the LRD stage calculated from the COSMOS-Web (magenta) and the
other surveys (blue). The total sum of �⇢• over the entire redshift range in each data group is shown with a star symbol.

the BHAD based on the mid-infrared selected AGNs at185

z . 3 and appears to be consistent with the BHAD186

of LRDs at z ' 5 � 6. On the other hand, the187

BHAD attributed to LRDs remains significantly dom-188

inant at z > 6. This finding, based on the assumption189

of ✏rad = 0.1, indicates that rapid growth of BHs at190

these earlier epochs established a trend of overmassive191

BH in terms of the M•/M? ratio, as observed in recent192

JWST AGN studies at z > 6 (e.g., Harikane et al. 2023;193

Maiolino et al. 2023; Pacucci et al. 2023).194

In the left panel of Figure 3, we show the evolution of195

the BH mass density within a comoving volume through-196

out cosmic time. The solid curve represents the cumu-197

lative BH mass density deduced from the AGN bolo-198

metric luminosity functions (primarily X-ray selected199

populations) at 0 < z < 5, under an assumed 10% ra-200

diative e�ciency (Ueda et al. 2014). This projection201

agrees closely with the observed BH mass density at202

z ' 0 (Shankar et al. 2009), concluding the plausibil-203

ity of the pre-assumed radiative e�ciency (✏rad = 0.1;204

Soltan 1982; Yu & Tremaine 2002). Additionally, we205

present the BH mass density directly derived from the206

integration of the BHMF for LRDs at z ' 5, estimated207

to be ⇢• ' 2.8+2.2
�1.2 ⇥ 103 M� cMpc�3 (red symbols;208

Matthee et al. 2024; Greene et al. 2024; Kokorev et al.209

2024)3. This estimate remarkably aligns with expecta-210

tions based on the Soltan argument assuming the con-211

ventional radiative e�ciency of 10% at 0 < z < 5, fur-212

ther reinforcing the consistency across the three distinct213

physical measures.214

Next, we extend our analysis to the universe at z > 5,215

focusing on the cumulative mass of BHs accreted during216

the LRD phase, �⇢• ⌘ BHAD ⇥ �t, calculated from217

their bolometric luminosity function over a redshift in-218

terval. We categorize the LRD samples into two groups:219

those identified through the COSMOS-Web survey (ma-220

genta, Akins et al. 2024) and LRDs from other obser-221

vational programs (blue, Matthee et al. 2024; Greene222

et al. 2024; Kokorev et al. 2024). This classification is223

based on two considerations: (1) the redshift intervals224

di↵erent among the samples in the literature, requiring225

a uniform redshift bin size for comparative analysis; and226

3 We note that the BHMF from the LRD samples in Kokorev et al.
(2024) is derived from their AGN bolometric luminosity function,
assuming an average Eddington ratio value h�Eddi ' 0.3, which is
motivated by the samples of broad-line LRDs compiled by Greene
et al. (2024).

Soltan argument for the earliest BHs

LF integral at z~4-6
(assuming ε=0.1)

KI & Ichikawa 24

BHMF integral
at z~5

A factor of >5 
discrepancy!

high radiative efficiency 
(rapid BH spins)



Birth of rapidly spinning BHs at cosmic dawn

Radiative efficiency of >30% & rapid BH spins of a>0.99

• Radio jets (BZ mechanisms) from early BHs
• Prolonged disk accretion vs. chaotic accretion
• GW waveform modulation by BH spins in their coalescences

KI & Ichikawa 24

A Soltan argument for LRDs 5

Table 1. Significance of the di↵erence between ⇢•(z ' 5) and �⇢•(z & 5) for di↵erent radiative e�ciencies.

Survey Redshift log
10

�⇢• p-value

✏rad = 0.1 ✏rad = 0.1 ✏rad = 0.2 ✏rad = 0.3 ✏rad = 0.42

a• ' 0.674 a• ' 0.674 a• ' 0.960 a• ' 0.996 a• ' 1.00

COSMOS-Web 5 < z < 9 4.82+0.29
�0.19 0.00204 0.00569 0.0132 0.0350

Other surveys 4.5 < z < 8.5 4.48+0.24
�0.22 0.00291 0.0115 0.0378 0.151

Note— Column (1): Survey. Column (2): Redshift ranges. Column (3): Cumulative mass density of BHs accreted during the
LRD phase (in units of M� cMpc�3) with a 10% radiative e�ciency. Column (4)-(7): the p-value evaluated in the t-test for
the null hypothesis between ⇢•(z = 5) and �⇢• at z > 5 for di↵erent values of the radiative e�ciency (and the corresponding
BH spin parameters). Here, we consider two cases with LRD data based on the COSMOS-Web survey (Akins et al. 2024) and
other LRD surveys (Matthee et al. 2024; Greene et al. 2024; Kokorev et al. 2024) for calculating the total cumulative mass.
The COSMOS-Web result requires ✏rad � 0.2 beyond the > 3� confidence level, while the confidence level is & 2� with LRD
samples from other surveys.

(2) the need to evaluate the impact of wide-area surveys227

such as COSMOS-Web on the LRD Soltan argument.228

As seen in the left panel of Figure 3, one can find the229

cumulative mass of BHs at z > 5 substantially exceeds230

the observed mass density at z ' 5 as well as the predic-231

tions from a BH growth model calibrated with UV and232

X-ray selected AGN luminosity functions (dotted curve;233

Li et al. 2024a). This discrepancy raises concerns about234

a potential violation of the BH mass conservation law;235

namely, ⇢•(z ' 5) & �⇢•(z > 5) needs to be hold. Thus,236

the possible inapplicability of ✏rad = 0.1 is suggested for237

the early universe beyond z > 5. Adjusting the ra-238

diative e�ciency upwards impacts the inferred BHAD,239

which follows / (1 � ✏rad)/✏rad. For instance, adopting240

the theoretical upper limit of ✏rad = 0.42 for an extreme241

Kerr BH with a spin parameter a• = 1 (e.g., Kerr 1963;242

Novikov & Thorne 1973) resolves the discrepancy be-243

tween the integrated BHMF values and the cumulative244

mass derived from the BHAD. The relationship between245

the radiative e�ciency and BH spin is well understood246

for geometrically-thin accretion disks, where a ther-247

mal equilibrium is maintained through e�cient radia-248

tive cooling that balances with viscous heating (Shakura249

& Sunyaev 1973). However, this scenario changes in250

low-accretion-rate states, where the disk becomes geo-251

metrically thick due to ine�cient cooling (e.g., Yuan &252

Narayan 2014). In such cases, the radiative e�ciency253

substantially decreases from the values in the thin-disk254

approximation (Inayoshi et al. 2019). This reduction255

in ✏rad enlarges the discrepancy between ⇢•(z ' 5) and256

�⇢•(z > 5), rather than mitigating it.257

The right panel of Figure 3 provides a detailed quan-258

titative comparison of BH mass density values from sev-259

eral studies, using the least-squares method for fitting260

⇢• and �⇢• at each redshift interval. The cumulative261

values of �⇢• across the entire redshift range are de-262

noted by star symbols for each LRD sample (see also263

Table 1). For the case without the COSMOS-Web sur-264

vey (blue symbols), the accreted mass density at z ⇠ 5265

is found to be lower than that at z ⇠ 7. This di↵erence266

is primarily due to the finding of Kokorev et al. (2024),267

where N = 9 luminous LRDs with Lbol ' 1047 erg s�1
268

were identified at 6.5 < z < 8.5 but only one was re-269

ported at 4.5 < z < 6.5 within a large sample set of270

LRDs from multiple survey fields. We note that lumi-271

nosity function bins with a sample size of N = 1 are272

excluded in our analysis as a single occurrence is sta-273

tistically indistinguishable from zero. Therefore, the in-274

clusion of these luminous populations substantially in-275

fluences the BHAD estimate. Using only the COSMOS-276

Web result (magenta symbols), we consistently observe277

higher values of �⇢• at the two redshift ranges, owing278

to the wide-area survey designed to identify more lumi-279

nous and rarer populations. As a result, the total sum280

in each case reaches as high as �⇢• ' 3.0+2.2
�1.2 ⇥ 104 and281

6.6+6.3
�2.3 ⇥ 104 M� cMpc�3, respectively (star symbol).282

With the mean values, the cumulative mass densities283

during the LRD phases over 5 < z < 9 appear to be284

& 10 times higher than the BH mass density at z ' 5.285

However, there is a concern regarding the classification286

of both the LRD samples of Kokorev et al. (2024) and287

Akins et al. (2024), where all photometrically selected288

LRDs are considered as AGNs due to the lack of spectro-289

scopic observations (see also Section 4.3). Due to these290

concerns, the cumulative mass density of BHs and their291

di↵erence from the BH mass density are considered to292

be upper bounds.293

To understand the influence of each contribution of294

�⇢• on this analysis and the need for a radiative e�-295

ciency beyond the standard 10% value, we explore two296

scenarios: one considering the contribution from the297

COSMOS-Web survey (magenta) and another one com-298

piling LRD samles from other observational programs299

(blue). In this work, to assess the statistical di↵erence300
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BH ! disrupted stellar debris

Rapid BHs spins allow  
1. TDEs by M>108Msun

2. Brighter jets,
3. …

High-z TDEs from JWST AGNs

such that half the mass is gravitationally bound to the black hole (!ϵ < 0) and, thus, available to be
accreted. The fallback timescale (tfb), the characteristic minimum timescale in a TDE, is defined
as the orbital period of the most bound debris,

tfb = 2πGMBH(2E )−3/2 = π

M⋆

(
MBHR3

⋆

2G

)1/2

= 0.11 year r3/2⋆ M1/2
6 m−1

⋆ . 4.

The fact that tfb scales with the square root of the black hole mass implies that the timing of
TDE flares should in principle be used to yield information on the mass of the central black hole.
Another fundamental property of the fallback of the debris streams is that if their specific energy
distribution is uniform, i.e., dE/dM = 0, then the rate at which material returns to pericenter can
be derived as

dM
dE

dE
dt

= 2π
3

(GMBH)2/3
dM
dE

t−5/3 5.

and follows a power law, dM/dt ∝ (t − tD)−5/3. In the case of a partial disruption, a steeper power-
law decline is expected, dM/dt ∝ (t − tD)−9/4 (Coughlin & Nixon 2019). In addition, the internal
structure (Ramirez-Ruiz & Rosswog 2009, Guillochon & Ramirez-Ruiz 2013, Golightly et al.
2019b) and spin (Golightly et al. 2019a) of the star, as well as the spin of the black hole (Kesden
2012b, Gafton & Rosswog 2019) and the impact parameter of the star’s orbit (Gafton & Rosswog
2019), will have an imprint on the energy distribution of the debris and, thus, the fallback rate.

One of the most remarkable observed characteristics of TDEs is that, at face value, they appear
to have a light curve that follows the general shape of the theoretical TDE fallback rate (Figure 4).
In fact, when one fits a t−5/3 power law to the light curve on its decline from peak, there is a strong
correlation between the time of peak since the inferred time of disruption, !t = (tpeak − tD), and

AT2018lna
AT2019azh
PS1-10jh
AT2019meg
AT2019mha
PS1-11af
AT2019ehz
AT2019cho
AT2019ahk
PTF-09ge
AT2019qiz

t–5/3

lo
g[
L B

B (
er

g 
s–1

)]
42.5

43.0

43.5

44.0

44.5

–100 –50 0 50 100 150 200
Days since peak

Figure 4
Compilation of bolometric luminosity curves of TDEs with well-sampled prepeak optical light curves,
labeled by their AT name, with the exception of PS1-10jh, PS1-11af, and PTF-09ge. The light curves were
constructed by scaling the r-band light curve by the peak bolometric luminosity determined from a
blackbody fit to the optical+UV photometry reported by van Velzen et al. (2020) and assuming no evolution
in temperature. In the case of PTF-09ge, no UV observations were taken at the time of the event, and so the
bolometric luminosity is estimated from its optical spectrum. In the case of AT2019ahk/ASASSN-19bt, I
plot the Swift uvw2 light curve scaled by the peak bolometric luminosity. Also shown is a t−5/3 power-law
decline fit to these curves after peak. Abbreviation: AT, astronomical transient.
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TDE rate vs. BHMF shape

where the fallback time tfb is calculated as (Stone et al. 2013)

⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠ ( )
  

-

t
M

M
m
M

R
R

0.11 yr
10

, 18fb
•

6

1 2 1 3 2
 

and its analytical expression µt Mfb •
1 2

fits well the relation
between the light-curve decay timescale and the BH mass for
optical-/UV-selected TDEs (e.g., van Velzen et al. 2020).

For a wide range of the parameters, the peak accretion rate
exceeds the Eddington value significantly and reaches

( – )  M M O 10 100fb Edd . Despite a large gas supply rate to
the nuclear scale, powerful outflows are launched from the
vicinity of the BH horizon and carry a large fraction of the
inflowing mass and momentum outward (e.g., Ohsuga et al.
2009; Jiang et al. 2014; McKinney et al. 2015; Saḑowski et al.
2015; Hu et al. 2022). As a result, the inflow rate decreases
toward the center as ( ) µM r rq

in (q> 0), and thus the BH
feeding rate is reduced to a mildly super-Eddington accretion
rate of – ~ M2 10 Edd (Hu et al. 2022, q∼ 1). The reduction
factor is not well understood, either in theory or through
observations. However, it could potentially be determined by
examining the ratio between the inflow radius (e.g., the radius
where the rapid circularization of stellar debris occurs
following a disruption) and the radius of the innermost stable
circular orbit around the central BH. Furthermore, the source of
TDE emission in the optical-to-UV bands has been debated to

be either the reprocessing of the X-ray emission from the
accretion disk (e.g., Guillochon & Ramirez-Ruiz 2013; Roth
et al. 2016) or emission from outer shocks between the debris
streams when they collide (e.g., Piran et al. 2015), or perhaps
some combination of both (see more references in van Velzen
et al. 2020).
In this paper, we adopt the fitting result of TDE light curves in

the optical-to-UV bands summarized in van Velzen et al. (2020),
instead of modeling the TDE light curves based on the
theoretical frameworks. This approach allows us to avoid
numerous uncertainties in the modeling of the BH feeding,
mass loading into outflows, circularization of stellar debris, and
optical–UV emission mechanisms. Among the 33 TDEs listed in
Table 2 of van Velzen et al. (2020), we consider the light-curve
fit for PS1-10jh, which was the first TDE detected with a well-
sampled rise to peak in optical survey data (Gezari et al. 2012).
The spectral shape is fitted by a diluted blackbody spectrum with
an effective temperature of T0; 104.59 K, and the bolometric
luminosity is estimated as Lpeak; 1044.47 erg s−1 at the peak,
which subsequently decays following a ∝t−5/3 power law. van
Velzen et al. (2019) estimate the mass of the SMBH that causes
the TDE PS1-10jh using the M•–σ relation as M•; 106.06Me.
They also find that the light curves of TDEs from such low-mass
BHs (M•< 106.5Me) show significant late-time flattening at
several years after the peaks. The observed late-time emission is

Figure 5. The predicted rate density (in units of yr−1 deg−2) of stellar TDEs within obscured (solid) and unobscured (dashed) AGNs within the redshift range of
4 � z � 11. The horizontal lines represent the inverse of the survey areas within a 1 yr period planned for the individual JWST missions (COSMOS-Web, CEERS,
JADES, and NGDEEP), the High Latitude Time Domain Survey for SN cosmology with RST, GREX-PLUS, Euclid, and LSST. The TDE rate in the obscured AGNs
(AV ; 3) is approximately 2 orders of magnitude higher than that for unobscured BH AGNs (AV ; 0.3), where we fix Re = 50 pc and ¯ á ñ =m m 4  (for a Salpeter
stellar mass function with 0.1 � må/Me � 10). These findings highlight the capability of deep JWST observations in detecting TDEs in obscured AGNs with low-
mass BHs, while the wider coverage of the RST, Euclid, GREX-PLUS, and LSST surveys is pivotal for identifying TDEs in unobscured AGNs.

8
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SED evolution of high-z TDEs

14 Inayoshi et al.
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Figure 9. SEDs of stellar tidal disruption occurring in an unobscured AGNs with M• = 106 M� at z = 4 (top left), z = 5 (top
right), z = 6 (bottom left), and z = 7 (bottom right), respectively. Dust extinction with AV = 0.3 mag is assumed both for the
TDE and AGN components (see Eq. 20). Each curve indicates the time series of the SEDs since the peak time; t � tpeak = 0
days, 30 days, 60 days, 0.5 years, 1.0 years, and 1 (only the AGN spectrum) from the top to the bottom. We overlay the
5� point-source imaging depths in each filter of RST and JWST (COSMOS-Web) observations. For the RST observations, we
consider 1 hour, 103 second , and 500 second of exposure time.

light curve with 3-9 data points during each stacking
period.
In practice, there still remains potential contamina-

tion from nearby and lower-redshift astrophysical ob-
jects. The High-latitude Time Domain Survey is pri-
marily targeting type-Ia SNe at redshifts of z > 0.5 as
a key component of transient survey programs aimed at
measuring the expansion history of the universe. The
reference survey described in Rose et al. (2021) is de-
signed so that a substantial number, the order of 104, of
type-Ia SNe with a high signal-to-noise ratio (S/N> 10)
will be detected in the survey. In Figure 10, we also over-
lay the colors and magnitudes of type-Ia SNe at lower
redshifts, specifically in the range of z = 0.7� 1.2 (grey

curves). We adopt the type-Ia SN spectral templates
that span the time between peak luminosity and 85 days
after the peak in the rest frame, based on the work of
Hsiao et al. (2007). The template luminosity is set to
�19.3 mag at the peak in the R-band, which is the av-
erage of the standard type Ia SNe (Yasuda & Fukugita
2010). The black arrows indicate the direction of time
evolution for the colors and magnitudes, wth the length
of the arrows corresponding to a 10-days duration in
the observed frame. As clearly demonstrated, the colors
and magnitudes of type-Ia SNe at z ' 0.7 � 1.0 in the
later stages exhibit similar values to those of TDEs at
z ' 4� 6 in the earlier stages. This similarity makes it
challenging to distinguish high-z TDEs from low-z type-

KI+ (2024)
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Color-magnitude diagram for high-z TDEs
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Figure 10. The color-magnitude diagram for TDEs in an
unobscured AGN with M• = 106 M� over z = 4 � 7. Each
curve presents the F087–F129 colors as a function of the F129
flux density assuming the RST filter transmissions, and circle
symbols indicate the elapsed time since the TDE brightness
peak. The grey curves are the colors and magnitudes of
type-Ia SNe at z = 0.7 � 1.2 along with black arrows that
indicate the direction of the time evolution and the length
corresponds to a 10-days duration in the observed frame.
The limiting magnitude of the F129 filter for multiple expo-
sures (N = 1, 2, 5, 10, and 20), where a single exposure time
is assumed to be 100 sec.

Ia SNe with only one or two exposures. However, it is
worth noting that the colors and magnitudes of these
objects evolve by ⇠ 0.1 � 0.2 mag within a 10-day du-
ration (equivalent to 3 visits) in the observed frame as
indicated with the black arrows. Importantly, the direc-
tion of the color-magnitude evolution in this diagram is
nearly diagonal to that of high-z TDEs. This distinct
evolution pattern plays an essential role in identifying
high-z TDEs among lower-z type-Ia SNe.

4.3. Detection numbers of high-z TDEs

Finally, we give an estimate of the expected detection
number of TDEs from obscured and unobscured AGNs
identified in the survey as

NTDE = RTDE(> M•) �TAsurveyfobs, (21)

where the observation time is set to �T = 1 yr, Asurvey

is the survey area, the survey e�ciency is defined as
fobs = min(�tobs/�T, 1.0), and �tobs is the time du-
ration (in the observer frame) when the TDEs are suf-
ficient bright for given detection thresholds. We sum-
marize the detection number of TDEs for each survey
program in Table 1.
The deep JWST imaging surveys, excluding

COSMOS-Web, exhibit su�cient sensitivity to detect

TDEs occurring within obscured AGNs at z ⇠ 4 � 7.
These surveys cover relatively limited areas where abun-
dant populations of BHs with masses M• . 106 M� are
prevalent, as depicted in the left panel of Figure 4.
For such obscured sources, we consider two TDE rates,
RTDE, integrated for BH masses M• � 104 M� and
105 M�. Since the TDE emission dominates over the
steady AGN emission when M• . 105 M�, we assess
the detectability based on the F277W flux density in
comparison to the survey’s limiting magnitude. Addi-
tionally, we estimate the observable time window, �tobs,
from the color-magnitude diagram shown in Figure 8.
The COSMOS-Web survey, due to its depth shallower

than the other surveys mentioned above, can only reach
the TDE flux densities only when the underlying AGN
emission significantly contributes to the total SED, re-
quiring BH masses of M• & 106 M�. However, the ob-
servable time window is limited to�tobs . 10 days. As a
result, the survey e�ciency is constrained to fobs . 0.03,
as demonstrated in Figures 5 and 6.
The High-latitude Time Domain Survey with RST

proves to be sensitive to TDEs occurring within unob-
scured AGNs at z ' 4 � 7. Both the wide and deep
survey tiers cover a substantial survey area, enabling
detection even rarer unobscured TDEs in AGNs with
masses M• . 106 M� are present. For these unobscured
sources, we consider two TDE rates integrated for BH
masses M• � 104 M� and 105 M�. To assess the de-
tectability, we analyze the F129 flux density in relation
to the survey’s limiting magnitude and calculate the ob-
servable time window, �tobs, from the color-magnitude
diagram shown in Figure 10. Since the depth of the
RST surveys can reach the expected TDE flux density
through multiple-epoch observations, we can maximize
the survey e�ciency, with fobs ' 1, for most redshift
ranges of z = 4 � 7. Given these survey setups, we an-
ticipate detecting NTDE ⇠ 8 (40) TDEs originating from
AGNs withM• & 105 (104)M� in one year of operation.
The number of detections decreases with increasing red-
shift, but remains NTDE ⇠ 1 (30) even at z ⇠ 7 for the
wide-tier survey for the same BH mass range.
It is also worth noting that the COSMOS-Web sur-

vey show the capability to detect TDEs in unobscured
AGNs at z ⇠ 4 � 7, regardless of the BH mass at the
nuclei, as described in Figure 9. However, even with
the largest survey area planned for JWST surveys, cov-
ering ' 0.6 deg2, the detection is primarily limited to
TDEs occurring in AGNs with the lowest-mass BHs of
M• ' 104 M�. To expand the sample size of TDEs
detectable in the COSMOS-Web survey, it might be
beneficial to consider a transient survey plan that in-
corporates multiple visits as in the RST High-latitude

KI+ (2024)
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Figure 1. False color stamps of the 20 BL H↵ emitters at z = 4.2� 5.5 identified in this work ordered by their

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

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

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

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

3.1. Selection criteria

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

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

S/NH↵,broad > 5,

LH↵,broad > 2⇥ 1042 erg s�1
,

vFWHM,H↵,broad > 1000 km s�1
.

(1)

We identify 20 BL H↵ emitters in this work, whose
false-color stamps we show in Fig. 1. The majority of
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Figure 6. Observed SEDs of LRDs in our model assuming an AGN bolometric luminosity of Lbol = 5⇥ 1045 erg s�1 at z = 6.
The colored curves presents variations in SEDs with gas density n0, ranging from 150 cm�3 (dark color) to 10 cm�3 (light
color), while maintaining a constant radial distribution index � = 0. The stacked photometric data for LRDs and upper bounds
talen from Akins et al. (2024) are overlaid. For comparison, we also show the SED templates of AGN hot dust tori (Torus
model), Apr 220, and Mrk 231 provided by (light blue curves, Polletta et al. 2007), for which the same bolometric luminosity
is assumed. At the bottom of the plot, we show the wavelength coverage of related telescopes.

continuum flux across the entire optical band, the re-
quired stellar mass would approach M? & 1011 M�,
comparable to that of the Milky Way. When combin-
ing such a high mass and their high abundance in the
cosmic volume, this scenario implies an extraordinary
stellar mass density that contradicts the standard cos-
mological framework (see also Inayoshi & Ichikawa 2024;
Akins et al. 2024). As a possible solution, Wang et al.
(2024) suggest that the stellar contribution on the SED
is limited to the short-wavelength range at � . 4000 Å
and the AGN is responsible for the red optical contin-
uum at the longer wavelengths. Under this assump-
tion, the SED fitting indicates a minimal stellar mass
of M? ⇠ 109 M�, resolving the tension with the cosmo-
logical prediction.
Here, we emphasize that our approach does not rule

out the existence of host galaxies in LRDs, but demon-
strates that the SED model focusing only on AGNs suc-
cessfully captures the characteristic spectral properties
of LRDs: (1) the v-shaped SED in rest-frame UV to
optical bands and (2) modest NIR emission. In our

AGN-only spectral model, as a natural consequence, the
red optical continuum is attributed to the attenuated
AGN light. This interpretation is indeed consistent with
observations that the observed continuum and H↵ line
fluxes for LRDs follow the empirical correlation observed
in nearby AGNs (Greene & Ho 2005). In other words,
if stellar light dominates the observed continuum flux
of LRDs, the EW of broad H↵ emission line would be
unusually high, compared to normal AGNs. This con-
sistency is crucial, as it strengthens the interpretation of
BH mass measurements using the single-epoch method.

4.3. Why do LRDs emerge at high redshifts of z > 4
with a universal SED shape?

There is a critical question: Why do LRDs emerge at

z > 4 with a uniform extinction level of AV = 3 mag?

There is no clear answer to this question at this time,
but some speculations are given below.
The key assumption in our model is the relaxation of

density concentration around the AGN. This idea im-
plies that LRDs form in the early stages of galaxy and


