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Figure 3
Illustration of starlight removal for NGC 3998 using the template galaxy NGC 3115. Prominent emission
lines are labeled. The insert shows an expanded view of the Hα + [N II] region and a multi-Gaussian
decomposition leading to the detection of a broad Hα component. (Adapted from Ho, Filippenko & Sargent
1993 and Ho et al. 1997.)

Figure 3 illustrates the starlight subtraction process for the LINER NGC 3998. Note that in
the original observed spectrum, many of the weaker emission lines were hardly visible, whereas
after starlight subtraction, they can easily be measured. The intensities of even strong lines such
as Hβ and [O III] λλ4959, 5007 are modified. Importantly, starlight correction is essential for
properly identifying the weak broad Hα component in NGC 3998.

2.5. Other Classification Criteria
Although the traditional optical classification system described above is the most widely used, there
are instances when features in other spectral regions may be more practical or useful. Surveys of
intermediate-redshift galaxies, for example, cannot routinely access the Hα region, and under
such circumstances it is desirable to devise a classification system based only on the blue part
of the spectrum. Diagnostic diagrams proposed by Rola, Terlevich & Terlevich (1997) based on
the strong lines [O II] λ3727, [Ne III] λλ3869, 3968, Hβ, and [O III] λλ4959, 5007 provide
moderately effective discrimination between starbursts and AGNs. A number of redshift surveys
have searched for narrow-line AGNs based on the presence of [Ne V] λλ3346, 3426 (e.g., Hall
et al. 2000, Barger et al. 2001, Szokoly et al. 2004). With an ionization potential of 97 eV, [Ne V]
unambiguously arises from nonstellar excitation, but the practical difficulty is that these lines are
quite weak (strength ∼10% of [O III] λ5007) and often can only be detected with confidence in
stacked spectra (e.g., Zakamska et al. 2003).

The long-standing controversy over the relevance of shock excitation also has led to the de-
velopment of line diagnostics outside of the traditional optical window. Dı́az, Pagel & Wilson
(1985; see also Dı́az, Pagel & Terlevich 1985; Kirhakos & Phillips 1989) suggested that [S III]
λλ9069, 9532, in combination with the optical lines of [O II], [O III], and [S II], are effective in
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Figure 3
Illustration of starlight removal for NGC 3998 using the template galaxy NGC 3115. Prominent emission
lines are labeled. The insert shows an expanded view of the Hα + [N II] region and a multi-Gaussian
decomposition leading to the detection of a broad Hα component. (Adapted from Ho, Filippenko & Sargent
1993 and Ho et al. 1997.)

Figure 3 illustrates the starlight subtraction process for the LINER NGC 3998. Note that in
the original observed spectrum, many of the weaker emission lines were hardly visible, whereas
after starlight subtraction, they can easily be measured. The intensities of even strong lines such
as Hβ and [O III] λλ4959, 5007 are modified. Importantly, starlight correction is essential for
properly identifying the weak broad Hα component in NGC 3998.

2.5. Other Classification Criteria
Although the traditional optical classification system described above is the most widely used, there
are instances when features in other spectral regions may be more practical or useful. Surveys of
intermediate-redshift galaxies, for example, cannot routinely access the Hα region, and under
such circumstances it is desirable to devise a classification system based only on the blue part
of the spectrum. Diagnostic diagrams proposed by Rola, Terlevich & Terlevich (1997) based on
the strong lines [O II] λ3727, [Ne III] λλ3869, 3968, Hβ, and [O III] λλ4959, 5007 provide
moderately effective discrimination between starbursts and AGNs. A number of redshift surveys
have searched for narrow-line AGNs based on the presence of [Ne V] λλ3346, 3426 (e.g., Hall
et al. 2000, Barger et al. 2001, Szokoly et al. 2004). With an ionization potential of 97 eV, [Ne V]
unambiguously arises from nonstellar excitation, but the practical difficulty is that these lines are
quite weak (strength ∼10% of [O III] λ5007) and often can only be detected with confidence in
stacked spectra (e.g., Zakamska et al. 2003).

The long-standing controversy over the relevance of shock excitation also has led to the de-
velopment of line diagnostics outside of the traditional optical window. Dı́az, Pagel & Wilson
(1985; see also Dı́az, Pagel & Terlevich 1985; Kirhakos & Phillips 1989) suggested that [S III]
λλ9069, 9532, in combination with the optical lines of [O II], [O III], and [S II], are effective in
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The forbidden lines of the doublet [O I] λλ6300, 6364 arise from collisional excitation of O0 by hot
electrons. Because the ionization potential of O0 (13.6 eV) is nearly identical to that of hydrogen,
in an ionization-bounded nebula [O I] is produced predominantly in the “partially ionized zone,”
wherein both neutral oxygen and free electrons coexist. In addition to O0, the conditions of the
partially ionized zone are also favorable for S+ and N+, whose ionization potentials are 23.3 eV
and 29.6 eV, respectively. Hence, in the absence of abundance anomalies, [N II] λλ6548, 6583 and
[S II] λλ6716, 6731 are strong (relative to, say, Hα) whenever [O I] is strong, and vice versa.

In a nebula photoionized by young, massive stars, the partially ionized zone is very thin because
the ionizing spectrum of OB stars contains few photons with energies greater than 13.6 eV. Hence,
in the optical spectra of H II regions and starburst nuclei, hereinafter H II nuclei, the low-ionization
transitions [N II], [S II], and especially [O I] are very weak. [As originally defined by Weedman
et al. (1981), a starburst nucleus is one whose current star-formation rate is much higher than its
past average rate. Because in general we do not know the star-formation history of any individual
object, I adopt the more general designation of H II nucleus.] By contrast, a harder radiation
field, such as that of an AGN power-law continuum that extends into the extreme ultraviolet (UV)
and X-rays, penetrates much deeper into an optically thick cloud, creating an extensive partially
ionized zone and hence strong low-ionization forbidden lines. A hard AGN radiation field also
boosts the production of collisionally excited forbidden line emission because its high thermal
energy deposition rate enhances the gas temperature.

2.2. Sample Spectra
The spectra shown in Figure 1 illustrate the empirical distinction between AGNs and H II nuclei.
In NGC 7714, which has a well-known starburst nucleus (Weedman et al. 1981), [O I], [N II],
and [S II] are weak relative to Hα. The [O III] λλ4959, 5007 doublet is quite strong compared to
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Figure 1
Sample optical spectra of the various classes of emission-line nuclei. Prominent emission lines are identified.
(Based on Ho, Filippenko & Sargent 1993 and unpublished data.)
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Local Census of AGNs
Ho (2008, ARA&A)

AGNs

early-type

late-type

•AGNs 50%–75% in E–Sbc 

•Consistent with BHs in 100% bulges



Ho (2008, ARA&A)

Most central black holes in local galaxies are quiescent or only weakly active
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Ho (2008, ARA&A)

Most central black holes in local galaxies are quiescent or only weakly active
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QSOs

−23 −30
MB (mag)

Matsuoka et al. (2023)
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Accretion rates are highly sub-Eddington, with  Lbol /LEdd  ≪ 1 

Ho (2009)

Ho (1999, 2002, 2004)

Accretion rates are highly sub-Eddington, with  Lbol /LEdd  ≪ 1 
Nonstandard SED, new accretion and ejection physics



Standard Model for AGNs
Rees (1984), Antonucci (1993), Urry & Padovani (1995)

• Supermassive black hole

• Optically thick, geometrically thin,

radiatively efficient accretion disk

• Dusty, obscuring torus

• Highly collimated, relativistic jet
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Standard Model for AGNs
Rees (1984), Antonucci (1993), Urry & Padovani (1995)

• Supermassive black hole

• Optically thick, geometrically thin,

radiatively efficient accretion disk

• Dusty, obscuring torus

• Highly collimated, relativistic jet

The Central Engine of 
 Nearby AGNs

Ho (2008, ARA&A)
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Dynamical Evidence for Supermassive Black Holes

Galactic Center
Ghez et al. (2008), Gillessen et al. (2009, 2017)

Megamasers in NGC 4258
Miyoshi et al. (1995)
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  Every bulge has a black hole!



Black Hole − Host Galaxy Scaling Relations
Bl

ac
k 

ho
le

Galaxy bulge 

velocity dispersionstellar mass

Magorrian+(1998); Gebhardt+(2000); Ferrarese & Merritt (2000); Kormendy & Ho (2013, ARA&A)
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Zhuang & Ho (2023, Nature Astronomy)

AGNs @ z = 0



Kormendy & Ho (2013)

BH-galaxy Coevolution 
AGN Feedback

10

Di Matteo et al. (2005)
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	M• = 1.2 x 1010 M⊙  z =  6.30
Wu et al. (2015) 
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	M• = 1.2 x 1010 M⊙  z =  6.30
Wu et al. (2015) 

Wang et al. (2021)

	M• = 1.6 x 109 M⊙  z =  7.642 
Wang et al. (2021)
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Ho (2012)

z ≃ 2 – 7

?

Kormendy & Ho (2013)

z ≃ 0

When and how were BH-galaxy scaling relations established? 
 How did they evolved?

13

z ≃
 0



AGNs

early-type

late-type

14

Ho, Filippenko & Sargent (1993-2009), Ho (2008, ARA&A)
Palomar Spectroscopic Survey of Nearby Galaxies



Mini-quasar
NGC 4395

Sdm

 M• = 104 −105 M⊙

POX 52 
dE/Sph

 M• = 1.6 x 105 M⊙

Filippenko, Ho & Sargent (1993)
Filippenko & Ho (2003)

Barth, Ho et al. (2004)

15

Keck

ESI



Sloan Digital Sky Survey
Dong, Ho, Yuan et al. (2012)
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Sloan Digital Sky Survey
Dong, Ho, Yuan et al. (2012) BH Mass Function 9

Fig. 7.— Volume-weighted BH mass function in bins of 0.25
dex (# Mpc−3 log MBH

−1). The weights used are identical to
those for the luminosity function, and as above we show in the inset
the mass functions for objects targeted as galaxies (left) and QSOs
(right), respectively. Although we are subject to significant incom-
pleteness, we will argue below that there is truly a turnover in active
galaxy masses at both lower and higher BH masses. We have fit the
mass function with both a double power-law (dashed line) and a
log-normal function (solid line).

Additionally, as the BH mass increases, the corresponding
bulge luminosity is presumably increasing, further decreas-
ing the contrast and the S/N in the broad line.

If we could uniquely ascribe a host galaxy luminosity
and light profile to each MBH, then we could easily model
our incompleteness as a function of MBH and Lbol/LEdd.
At high BH mass, this is in fact possible, as there is a re-
lation linking MBH and spheroid luminosity, and the fun-
damental plane tells us the typical sizes (and thus fiber
luminosities) of elliptical galaxies. However, for spiral or
dwarf spheroidal host galaxies, there ceases to be a unique
mapping between MBH and galaxy luminosity or structure.
The relation between bulge-to-total ratio and galaxy lumi-
nosity is poorly quantified and contains significant scatter
in any case. Furthermore, at lower masses, as the AGNs
become intrinsically fainter, only systems with relatively
luminous host galaxies will fall above the magnitude limit
of the SDSS. For these reasons, at low MBH the calculated
incompleteness is a strong function of the assumed (but
unconstrained) host galaxy morphology.

As a matter of practicality, then, we turn the problem
around. Rather than attempting to quantify our absolute
incompleteness as a function of MBH, we simply quan-
tify the range of host galaxy luminosities for which we
might hope to detect a BH of a given mass, LHα, and
z. Over narrow ranges in all of these parameters, neither
the line width nor the galaxy continuum strength changes
dramatically and the completeness ought to be constant
(provided the BHs are drawn from the same host galaxy
population). In such bins, with uniform completeness, we
are able to measure true changes in space density. Sim-

ulations allow us to isolate ranges of MBH, LHα, and z
with constant sensitivity to galaxy fiber luminosity. Note,
however, that in any given interval, we necessarily exclude
different members of the population as a function of MBH;
at the lowest masses we preferentially exclude those sys-
tems in faint hosts, while at the highest MBH we exclude
the higher Lbol/LEdd systems. Therefore, we implicitly as-
sume that the distribution of MBH is uniform independent
of both disk luminosity and Eddington luminosity. With
this approach, however, we need not concern ourselves di-
rectly with host galaxy structure3 per se, but solely the
luminosity. The total host galaxy luminosity must be high
enough that the source is spectroscopically targeted, while
the fiber luminosity must be low enough to allow detection
of the broad line.

We investigate three mass regimes (MBH=105.5 − 106.4,
106 − 107, and 106.5 − 107.5 M!), choosing optimal z and
LHα ranges for each. Our procedure is described in most
detail for the lowest (and most challenging) mass bin, and
then results are presented for all three. In the first bin,
we are fundamentally limited by the total number of ob-
jects. Therefore, we are forced to use the lowest possible
redshift bins: z = 0.05−0.07 and z = 0.07−0.1. These are
bins with ≥ 10 objects per bin for the most part; at still
lower z a prohibitively large range in distance is needed
to populate each bin. In terms of LHα, the highest lu-
minosity is set by the Eddington luminosity of the lowest
mass bin, in this case 1041 ergs s−1 for a BH with mass
105.5 M!, while the lowest luminosity is set by the paucity
of lower-luminosity objects (1040.5 ergs s−1).

Simulations allow us to verify that the selection proba-
bility is indeed independent of host galaxy fiber luminos-
ity. We make artificial spectra in the appropriate MBH

and LHα range, with fiber galaxy luminosities spanning
−14 ≤ MB ≤ −22. The galaxy continuum is modeled as a
single stellar absorption-line system, constructed from the
eigenspectra of Yip et al. (2004), and the S/N is varied to
correspond to typical SDSS spectra over the redshift range
of interest. Five realizations are made for each galaxy lu-
minosity and S/N, and each spectrum is run through our
full detection algorithm. For those with detectable broad
Hα, we then investigate whether the galaxy luminosity is
sufficient for spectroscopic targeting in the first place. Re-
call that this limit depends on total (rather than fiber)
luminosity, but there is not a one-to-one conversion from
fiber to total luminosity; it depends on galaxy morphology
and redshift rather strongly. Therefore, we place an upper
limit on the total galaxy luminosity by insisting that the
fiber luminosity account for no less than 20% of the to-
tal galaxy luminosity (as motivated by the observed range
shown in Fig. 9 of Tremonti et al. 2004). Over the entire
range of galaxy luminosities we explore, a non-zero detec-
tion fraction results only for fiber luminosities in the range
−16 < MB < −18, but the detection fractions at a given
host luminosity are very constant across the mass range of
interest, as shown in Figure 8.

In Figure 9a we show the resulting mass functions for
the two different redshift bins. Visually, it appears that
the space density is truly falling at low mass. To quantify

3At a given luminosity, a wide range of galaxy morphologies are permitted. Thus it is still possible to find significant differences in σ∗
(e.g., Greene & Ho 2006b) and potentially host galaxy structure (J. E. Greene, in preparation) as a function of MBH for the SDSS-selected
samples of low-mass systems.

Greene & Ho (2004, 2007a, 2007b)

     200-500 
 new sources!
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Under-developed galaxies 
hosting under-developed,

 “intermediate-mass” black holes
Greene, Ho & Barth (2008)

Jiang, Greene & Ho  (2011a,  2011b)

HST/ACS 
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Optical X-rays



Chandra Survey of Nearby Galaxies 

☯  Sample: 1962 galaxies < 150 Mpc

☯  782 active galaxies

☯  Detection rate in late-type galaxies 28%,
      much larger than optical detection rate

☯  Some classified as star-forming galaxies

☯  Low Eddington ratios 

Searching for Intermediate-mass Black Holes with X-rays
Desroches & Ho (2009); She, Ho & Feng (2017a, 2017b); Bi, Feng, & Ho (2021)

Spectra consistent with
non-thermal radiation

19
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Demographics of Intermediate-mass Black Holes
Greene, Strader & Ho (2020, ARA&A)

Dynamical

X-rays: field

X-rays: Virgo

☯  M• ≈ 105 − 106  M⊙

☯  M
*
 ≈ 108 − 1010 M⊙

☯ Occupation fraction of IMBHs ≳ 50%

☯ Consistent with theory:
“Light seeds” (population III stars)
“Heavy seeds” (direct collapse) 

☯ Dependent on accretion and merging  
    history of seeds

20



Demographics of Central Black Holes @ z = 0
☯  In bulge galaxies, AGN detection rate ~70%: lower limit on BH occupation fraction.

☯  In  M
*
﹥1010 M⊙ galaxies, occupation fraction ~100% for SMBHs with M• ≈ 106 − 1010 M⊙.

☯  In  M
*
 < 1010 M⊙ galaxies, occupation fraction ≳ 50% for IMBHs with M• ≈ 104 − 106 M⊙.

8

Kormendy & Ho (2013, ARA&A)

AGNs

Ho (2008, ARA&A)

Dynamical

X-rays: field

X-rays: Virgo

Greene, Strader & Ho (2020, ARA&A)
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Discovery of 
“little red dots”

Progenitors of 
quasars
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Discovery of the “Little Red Dots”
Kovceski et al. (2023), Harikane et al. (2023), Greene et al. (2024), Matthee et al. (2024), and many others
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Discovery of the “Little Red Dots”
Kovceski et al. (2023), Harikane et al. (2023), Greene et al. (2024), Matthee et al. (2024), and many others

•Extremely compact, point-like
•Upper limits on size: Re ≲ 50 pc
•Often no sign of any underlying galaxy

Labbé et al. (2024)

•Peculiar V-shaped spectral energy distribution 
•Interpreted as obscured AGN in optical + 

scattered light in the ultraviolet
•Intrinsically X-ray weak?

25



Greene et al. (2024)

“Little Red Dots” are the progenitors of quasars

•H⍺ FWHM ≈ 1000−5000 km s-1

•M• ≈ 106 −108 M⊙
•Lbol/LEdd ≈ 0.1−1
•Low gas-phase metallicities

Matthee et al. (2024) Larson et al. (2023)

z = 8.679

26



“Little Red Dots” are very abundant
Kocevski et al. (2024), Kokorev et al. (2024), Maiolino et al. (2024)

27

•Space density 100 times higher than extrapolated 
luminosity function of UV-selected quasars

•Abundance ~10% of the general galaxy population

•Expected: since occupation fraction of BHs @ z = 0 ≫ 50%, 
(almost) every young galaxy should have a seed BH



“Little Red Dots” have overmassive black holes

28

•M•/M* higher than z = 0 by factor  ∼10−100

•Black hole formed faster or earlier than the 
stars in the host galaxy

•Serious consequences for coevolution and 
the AGN feedback paradigm

Pacucci et al. (2024)



“Little Red Dots” have overmassive black holes

28

•M•/M* higher than z = 0 by factor  ∼10−100

•Black hole formed faster or earlier than the 
stars in the host galaxy

•Serious consequences for coevolution and 
the AGN feedback paradigm

Pacucci et al. (2024)

•Overmassive black holes may be expected 
from direct collapse mechanism

direct collapse 
mechanism?



Some caveats…Some caveats… black hole masses likely overestimated

Mvirial = f RV 2/G                          

             f    virial factor 

            R   BLR radius
            V   BLR velocity dispersion

Bentz et al. (2013) Ho & Kim (2014, 2015)

f  factor 
calibration

29

GRAVITY+ 
measurement of  
BH mass: factor of a 
few lower than 
single-epoch estimate!Abuter et al. (2024)

z = 2.3



Caveats: host galaxy (stellar, dynamical) masses very uncertain

F. Wang et al. (2024)Abuter et al. (2024)
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Caveats: host galaxy (stellar, dynamical) masses very uncertain

F. Wang et al. (2024)Abuter et al. (2024)
Abuter et al. (2024) F. Wang et al. (2024)
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Some caveats… host galaxy (stellar, dynamical) masses very uncertain
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Some caveats… host galaxy (stellar, dynamical) masses very uncertain

Mechtley et al. (2012)HST: z = 6.42 Stone et al. (2023)JWST: z = 6.25
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Ding et al. (2022)

Caveats: host galaxy (stellar, dynamical) masses very uncertain
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Ding et al. (2022)

Caveats: host galaxy (stellar, dynamical) masses very uncertain

J1148+5251: Yue et al. (2024)J0100+2802: Eilers et al. (2023)
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Ding et al. (2022)

Caveats: host galaxy (stellar, dynamical) masses very uncertain

J1148+5251: Yue et al. (2024)J0100+2802: Eilers et al. (2023)Labbé et al. (2024)
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Improvements in Host Galaxy Measurements
Ruancun Li, PhD thesis; Li & Ho (2024)



Improvements in Host Galaxy Measurements: Quasars
Li, Ho, Chen (2024)

Yang et al. (2023), Eilers et al. (2023)

J0305−3150   
 z = 6.61
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Yang et al. (2023), Eilers et al. (2023)

J0305−3150   
 z = 6.61
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Improvements in Host Galaxy Measurements: Little Red Dots
 Chen, Ho, Li & Zhuang (2024)

•Simultaneous fitting  of 7 NIRCam bands with GALFITS
    constrained by physical priors

•Accurate, new hybrid PSFs

35
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•Accurate, new hybrid PSFs

•No host emission detected 

•Stringent upper limits placed on the 
stellar masses of the host galaxies
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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-

No torus 9

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

Two parameters control the SED shape

ρ(r) = ρ0(r/rsub)−γ

Li, Inayoshi, Chen, Ichikawa & Ho (2024)
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Å
�

1
]

Minimal M� (SBS=1.70)

0.00 0.25 0.50 0.75
Age of the universe [Gyr]

0

20

40
S
F
R

[M
�

y
r�

1
]

log M�/M� = 9.50+0.08
�0.09

log sSFR/yr�1 = �8.66+0.20
�0.23

6.7101530
z

JWST/NIRCam JWST/Prism Total model spectrum Galaxy AGN accretion disk

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

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

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

5.3.1. Maximal Stellar Contribution

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

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

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

5.3.2. A Mixture of AGN and Stellar Contributions

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

Wang et al. (2024)
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Figure 3-a. Spectrophotometric modeling for RUBIES-EGS-49140, with models including maximal / medium / minimal stellar
contribution shown. The other two objects with detected Balmer breaks are shown in subsequent figures. (Left panels) The
photometric and spectroscopic data are shown in gray. The best-fit model spectrum, which includes the marginalized emission
lines as annotated, is plotted in light brown. The emission at ⇠ 3869 Å is likely [Ne iii] 3869, although He I 3889 is also possible.
The galaxy and the AGN continuum components are over-plotted in blue and red, respectively. The spectral break strength,
SBS, predicted by the galaxy model spectrum is indicated to the upper left corner. The spectral regions that are masked due to
low S/N or detector gap are shaded in gray. (Right panels) The inferred SFRs are plotted as a function of the age of the universe.
The gray and light gray shading indicates 1� and 2� uncertainties, respectively. The post-starburst feature is primarily driven
by the Balmer break.

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

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

5.3.1. Maximal Stellar Contribution

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

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

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

5.3.2. A Mixture of AGN and Stellar Contributions

We also define a middle ground model, where log-
uniform priors are assumed on the total mass formed
and fAGN,5500A. While it is impossible to write down an
agnostic prior, the intent here is to let the data inform
the inference process to the maximal extent. This model
typically falls between the “maximum” and “minimum”
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Figure 1. AGN SEDs attenuated through a gas slab with
a visual extinction of AV = 3 mag. Each curve represents
the case with di↵erent density (107  nH/cm

�3  1011) and
thickness, keeping the column density fixed (see text). With
high densities of nH ' 109�11 cm�3, the SEDs show a deep
Balmer break at �B,lim = 3646 Å. Two vertical lines indicate
the wavelengths (�B,blue = 3600 Å and �B,red = 4000 Å) used
to quantify the Balmer-break strength.

to ↵uv = �0.5 and ↵x = �1.5, and the normaliza-
tion of rx is adjusted so that the spectral slope between
2500 Å and 2 keV becomes ↵ox = �1.5. The value of
↵uv = �0.5 is consistent with that of the low-redshift
composite quasar SED (Vanden Berk et al. 2001). The
X-ray spectral index would be steeper as observed in
bright quasars at high redshifts (↵x . �2; Zappacosta
et al. 2023), however our results are una↵ected by the
specific value of the index. The flux density normaliza-
tion is determined such that the ionization parameter,
U ⌘ �0/(nHc), falls within �2  logU  �1, where
�0 is the ionizing photon number flux, nH is the num-
ber density of hydrogen nuclei, and c is the speed of
light. In this study, we adopt logU = �1.5 as the fidu-
cial choice. Note that the Balmer-break strength varies
by ' 10 � 20% depending on the ionization parameter
within the range. The distance of the gas absorber de-
rived using logU = �1.5 is consistent with the cloud
kinematics, as discussed in Section 4.1. Furthermore,
we assume a visual extinction of AV = 3 mag to repro-
duce the redness observed in the rest-optical continua for
LRDs (Matthee et al. 2024; Greene et al. 2024). With
a metallicity of 0.1 Z�, the column density is set to
NH = 5 ⇥ 1022 cm�2. We vary the gas density over a
broad range of 107  nH/cm�3  1012, adjusting the
slab thickness (�s), keeping the column density fixed.
Figure 1 presents the SEDs of an attenuated AGN

for various densities of 107  nH/cm�3  1011. The
case for nH = 1012 cm�3 is not shown, as it is nearly

Figure 2. Profiles of the hydrogen level populations in the
n = 2 (solid) and n = 3 (dashed) states as a function of slab
thickness normalized by the total value �s for each density
case; nH = 107 � 1011 cm�3. The values are normalized
by the total density of hydrogen nuclei (nH), including both
neutral and ionized states. As the density increases, the
hydrogen is excited to the higher energy states. The ratio of
n = 2 states reaches n2/nH ' 10�6, which is the equilibrium
value with T ' 8000 K through particle collisions.

identical to the case for nH = 1011 cm�3. When the
density is nH = 107 cm�3 or lower, the SED main-
tains a smooth red continuum at � & 2500 Å and a
slightly blue one at the shorter wavelengths. The bend-
ing of the SED at � ' 2500 Å is attributed to the
gray dust attenuation curve, though variations in the
curve model can lead to di↵erent results (Li et al. 2024),
which we do not explore in detail here. As the den-
sity increases to nH = 108 cm�3, the continuum com-
ponent at wavelengths shorter than the Balmer limit
(�B,lim = 3646 Å) becomes steeper, and the disconti-
nuity across the Balmer limit reaches its peak around
nH = 109�10 cm�3. However, as the density further in-
creases to ' 1011 cm�3, the discontinuity weakens but
converges in the higher density regime (see below).
Figure 2 shows the number-density ratio of atomic hy-

drogen in excited states (n = 2 with solid and n = 3
with dashed curves) to the total density of hydrogen nu-
clei including neutral and ionized states, as a function
of slab thickness. At low densities (nH . 108 cm�3),
the number ratios of excited states in both n = 2 and
n = 3 increase proportionally with the density, indicat-
ing that atomic hydrogen has not reached a local ther-
modynamic equilibrium state for a given temperature.
However, as the density reaches nH ' 109 cm�3, the
ratio of n = 2 states begins to saturate, approaching
the collisional equilibrium value of n2/nH ' 10�6 for
T ' 8000 K. When the density further increases to

Can arise from dense gas in AGNs!

 Inayoshi & Maiolino (2024)

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

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

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

5.3.1. Maximal Stellar Contribution

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

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

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

5.3.2. A Mixture of AGN and Stellar Contributions

We also define a middle ground model, where log-
uniform priors are assumed on the total mass formed
and fAGN,5500A. While it is impossible to write down an
agnostic prior, the intent here is to let the data inform
the inference process to the maximal extent. This model
typically falls between the “maximum” and “minimum”
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Figure 3-a. Spectrophotometric modeling for RUBIES-EGS-49140, with models including maximal / medium / minimal stellar
contribution shown. The other two objects with detected Balmer breaks are shown in subsequent figures. (Left panels) The
photometric and spectroscopic data are shown in gray. The best-fit model spectrum, which includes the marginalized emission
lines as annotated, is plotted in light brown. The emission at ⇠ 3869 Å is likely [Ne iii] 3869, although He I 3889 is also possible.
The galaxy and the AGN continuum components are over-plotted in blue and red, respectively. The spectral break strength,
SBS, predicted by the galaxy model spectrum is indicated to the upper left corner. The spectral regions that are masked due to
low S/N or detector gap are shaded in gray. (Right panels) The inferred SFRs are plotted as a function of the age of the universe.
The gray and light gray shading indicates 1� and 2� uncertainties, respectively. The post-starburst feature is primarily driven
by the Balmer break.

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

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

5.3.1. Maximal Stellar Contribution

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

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

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

5.3.2. A Mixture of AGN and Stellar Contributions

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

stellar-origin 
Balmer break?

add AGN 
contributions?

Balmer break Balmer-break and absorption on AGN spectra 3

 0

1

2

3

 2000  4000  5000
Rest-frame wavelength [Å]

Fl
ux

 d
en

si
ty

 F
    

(a
rb

itr
ar

y 
un

it)
λ

 3000

density n
10   cm
10   cm

10   cm
10    cm
10    cm

7

8

9

10

11

-3

-3

-3

-3

-3

H

λλ B,redB,blue

Figure 1. AGN SEDs attenuated through a gas slab with
a visual extinction of AV = 3 mag. Each curve represents
the case with di↵erent density (107  nH/cm

�3  1011) and
thickness, keeping the column density fixed (see text). With
high densities of nH ' 109�11 cm�3, the SEDs show a deep
Balmer break at �B,lim = 3646 Å. Two vertical lines indicate
the wavelengths (�B,blue = 3600 Å and �B,red = 4000 Å) used
to quantify the Balmer-break strength.

to ↵uv = �0.5 and ↵x = �1.5, and the normaliza-
tion of rx is adjusted so that the spectral slope between
2500 Å and 2 keV becomes ↵ox = �1.5. The value of
↵uv = �0.5 is consistent with that of the low-redshift
composite quasar SED (Vanden Berk et al. 2001). The
X-ray spectral index would be steeper as observed in
bright quasars at high redshifts (↵x . �2; Zappacosta
et al. 2023), however our results are una↵ected by the
specific value of the index. The flux density normaliza-
tion is determined such that the ionization parameter,
U ⌘ �0/(nHc), falls within �2  logU  �1, where
�0 is the ionizing photon number flux, nH is the num-
ber density of hydrogen nuclei, and c is the speed of
light. In this study, we adopt logU = �1.5 as the fidu-
cial choice. Note that the Balmer-break strength varies
by ' 10 � 20% depending on the ionization parameter
within the range. The distance of the gas absorber de-
rived using logU = �1.5 is consistent with the cloud
kinematics, as discussed in Section 4.1. Furthermore,
we assume a visual extinction of AV = 3 mag to repro-
duce the redness observed in the rest-optical continua for
LRDs (Matthee et al. 2024; Greene et al. 2024). With
a metallicity of 0.1 Z�, the column density is set to
NH = 5 ⇥ 1022 cm�2. We vary the gas density over a
broad range of 107  nH/cm�3  1012, adjusting the
slab thickness (�s), keeping the column density fixed.
Figure 1 presents the SEDs of an attenuated AGN

for various densities of 107  nH/cm�3  1011. The
case for nH = 1012 cm�3 is not shown, as it is nearly

Figure 2. Profiles of the hydrogen level populations in the
n = 2 (solid) and n = 3 (dashed) states as a function of slab
thickness normalized by the total value �s for each density
case; nH = 107 � 1011 cm�3. The values are normalized
by the total density of hydrogen nuclei (nH), including both
neutral and ionized states. As the density increases, the
hydrogen is excited to the higher energy states. The ratio of
n = 2 states reaches n2/nH ' 10�6, which is the equilibrium
value with T ' 8000 K through particle collisions.

identical to the case for nH = 1011 cm�3. When the
density is nH = 107 cm�3 or lower, the SED main-
tains a smooth red continuum at � & 2500 Å and a
slightly blue one at the shorter wavelengths. The bend-
ing of the SED at � ' 2500 Å is attributed to the
gray dust attenuation curve, though variations in the
curve model can lead to di↵erent results (Li et al. 2024),
which we do not explore in detail here. As the den-
sity increases to nH = 108 cm�3, the continuum com-
ponent at wavelengths shorter than the Balmer limit
(�B,lim = 3646 Å) becomes steeper, and the disconti-
nuity across the Balmer limit reaches its peak around
nH = 109�10 cm�3. However, as the density further in-
creases to ' 1011 cm�3, the discontinuity weakens but
converges in the higher density regime (see below).
Figure 2 shows the number-density ratio of atomic hy-

drogen in excited states (n = 2 with solid and n = 3
with dashed curves) to the total density of hydrogen nu-
clei including neutral and ionized states, as a function
of slab thickness. At low densities (nH . 108 cm�3),
the number ratios of excited states in both n = 2 and
n = 3 increase proportionally with the density, indicat-
ing that atomic hydrogen has not reached a local ther-
modynamic equilibrium state for a given temperature.
However, as the density reaches nH ' 109 cm�3, the
ratio of n = 2 states begins to saturate, approaching
the collisional equilibrium value of n2/nH ' 10�6 for
T ' 8000 K. When the density further increases to
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Figure 4. The H↵ line profiles with FWHMbroad = 3000 km s�1, FWHMnarrow = 400 km s�1 and r = 0.3. We explore two
cases: b = 150 km s�1, �v = �200 km s�1, and C = 0.5 (left panel) and b = 10 km s�1, �v = +50 km s�1, and C = 0.8
(right panel). The solid and dashed curves show the total H↵ line profile and the broad component with absorption by dense
gas clumps with a column density of n = 2 atomic hydrogen, NH,n=2 = 1016 cm�2. The total line profile with a finite spectral
resolution (R ⌘ ��/�0 = 1500 and 500) is overlaid, where the source redshift is set to z = 5.
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Figure 5. Same as in Figure 4, but illustrating how the line shape changes with the width of the absorption feature, varying
b from 50 km s�1 to 300 km s�1. The other parameters are identical to those used in Figure 4.
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Figure 3-a. Spectrophotometric modeling for RUBIES-EGS-49140, with models including maximal / medium / minimal stellar
contribution shown. The other two objects with detected Balmer breaks are shown in subsequent figures. (Left panels) The
photometric and spectroscopic data are shown in gray. The best-fit model spectrum, which includes the marginalized emission
lines as annotated, is plotted in light brown. The emission at ⇠ 3869 Å is likely [Ne iii] 3869, although He I 3889 is also possible.
The galaxy and the AGN continuum components are over-plotted in blue and red, respectively. The spectral break strength,
SBS, predicted by the galaxy model spectrum is indicated to the upper left corner. The spectral regions that are masked due to
low S/N or detector gap are shaded in gray. (Right panels) The inferred SFRs are plotted as a function of the age of the universe.
The gray and light gray shading indicates 1� and 2� uncertainties, respectively. The post-starburst feature is primarily driven
by the Balmer break.

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

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

5.3.1. Maximal Stellar Contribution

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

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

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

5.3.2. A Mixture of AGN and Stellar Contributions

We also define a middle ground model, where log-
uniform priors are assumed on the total mass formed
and fAGN,5500A. While it is impossible to write down an
agnostic prior, the intent here is to let the data inform
the inference process to the maximal extent. This model
typically falls between the “maximum” and “minimum”
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Figure 3-a. Spectrophotometric modeling for RUBIES-EGS-49140, with models including maximal / medium / minimal stellar
contribution shown. The other two objects with detected Balmer breaks are shown in subsequent figures. (Left panels) The
photometric and spectroscopic data are shown in gray. The best-fit model spectrum, which includes the marginalized emission
lines as annotated, is plotted in light brown. The emission at ⇠ 3869 Å is likely [Ne iii] 3869, although He I 3889 is also possible.
The galaxy and the AGN continuum components are over-plotted in blue and red, respectively. The spectral break strength,
SBS, predicted by the galaxy model spectrum is indicated to the upper left corner. The spectral regions that are masked due to
low S/N or detector gap are shaded in gray. (Right panels) The inferred SFRs are plotted as a function of the age of the universe.
The gray and light gray shading indicates 1� and 2� uncertainties, respectively. The post-starburst feature is primarily driven
by the Balmer break.

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

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

5.3.1. Maximal Stellar Contribution

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

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

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

5.3.2. A Mixture of AGN and Stellar Contributions

We also define a middle ground model, where log-
uniform priors are assumed on the total mass formed
and fAGN,5500A. While it is impossible to write down an
agnostic prior, the intent here is to let the data inform
the inference process to the maximal extent. This model
typically falls between the “maximum” and “minimum”
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Figure 1. AGN SEDs attenuated through a gas slab with
a visual extinction of AV = 3 mag. Each curve represents
the case with di↵erent density (107  nH/cm

�3  1011) and
thickness, keeping the column density fixed (see text). With
high densities of nH ' 109�11 cm�3, the SEDs show a deep
Balmer break at �B,lim = 3646 Å. Two vertical lines indicate
the wavelengths (�B,blue = 3600 Å and �B,red = 4000 Å) used
to quantify the Balmer-break strength.

to ↵uv = �0.5 and ↵x = �1.5, and the normaliza-
tion of rx is adjusted so that the spectral slope between
2500 Å and 2 keV becomes ↵ox = �1.5. The value of
↵uv = �0.5 is consistent with that of the low-redshift
composite quasar SED (Vanden Berk et al. 2001). The
X-ray spectral index would be steeper as observed in
bright quasars at high redshifts (↵x . �2; Zappacosta
et al. 2023), however our results are una↵ected by the
specific value of the index. The flux density normaliza-
tion is determined such that the ionization parameter,
U ⌘ �0/(nHc), falls within �2  logU  �1, where
�0 is the ionizing photon number flux, nH is the num-
ber density of hydrogen nuclei, and c is the speed of
light. In this study, we adopt logU = �1.5 as the fidu-
cial choice. Note that the Balmer-break strength varies
by ' 10 � 20% depending on the ionization parameter
within the range. The distance of the gas absorber de-
rived using logU = �1.5 is consistent with the cloud
kinematics, as discussed in Section 4.1. Furthermore,
we assume a visual extinction of AV = 3 mag to repro-
duce the redness observed in the rest-optical continua for
LRDs (Matthee et al. 2024; Greene et al. 2024). With
a metallicity of 0.1 Z�, the column density is set to
NH = 5 ⇥ 1022 cm�2. We vary the gas density over a
broad range of 107  nH/cm�3  1012, adjusting the
slab thickness (�s), keeping the column density fixed.
Figure 1 presents the SEDs of an attenuated AGN

for various densities of 107  nH/cm�3  1011. The
case for nH = 1012 cm�3 is not shown, as it is nearly

Figure 2. Profiles of the hydrogen level populations in the
n = 2 (solid) and n = 3 (dashed) states as a function of slab
thickness normalized by the total value �s for each density
case; nH = 107 � 1011 cm�3. The values are normalized
by the total density of hydrogen nuclei (nH), including both
neutral and ionized states. As the density increases, the
hydrogen is excited to the higher energy states. The ratio of
n = 2 states reaches n2/nH ' 10�6, which is the equilibrium
value with T ' 8000 K through particle collisions.

identical to the case for nH = 1011 cm�3. When the
density is nH = 107 cm�3 or lower, the SED main-
tains a smooth red continuum at � & 2500 Å and a
slightly blue one at the shorter wavelengths. The bend-
ing of the SED at � ' 2500 Å is attributed to the
gray dust attenuation curve, though variations in the
curve model can lead to di↵erent results (Li et al. 2024),
which we do not explore in detail here. As the den-
sity increases to nH = 108 cm�3, the continuum com-
ponent at wavelengths shorter than the Balmer limit
(�B,lim = 3646 Å) becomes steeper, and the disconti-
nuity across the Balmer limit reaches its peak around
nH = 109�10 cm�3. However, as the density further in-
creases to ' 1011 cm�3, the discontinuity weakens but
converges in the higher density regime (see below).
Figure 2 shows the number-density ratio of atomic hy-

drogen in excited states (n = 2 with solid and n = 3
with dashed curves) to the total density of hydrogen nu-
clei including neutral and ionized states, as a function
of slab thickness. At low densities (nH . 108 cm�3),
the number ratios of excited states in both n = 2 and
n = 3 increase proportionally with the density, indicat-
ing that atomic hydrogen has not reached a local ther-
modynamic equilibrium state for a given temperature.
However, as the density reaches nH ' 109 cm�3, the
ratio of n = 2 states begins to saturate, approaching
the collisional equilibrium value of n2/nH ' 10�6 for
T ' 8000 K. When the density further increases to
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Figure 4. The H↵ line profiles with FWHMbroad = 3000 km s�1, FWHMnarrow = 400 km s�1 and r = 0.3. We explore two
cases: b = 150 km s�1, �v = �200 km s�1, and C = 0.5 (left panel) and b = 10 km s�1, �v = +50 km s�1, and C = 0.8
(right panel). The solid and dashed curves show the total H↵ line profile and the broad component with absorption by dense
gas clumps with a column density of n = 2 atomic hydrogen, NH,n=2 = 1016 cm�2. The total line profile with a finite spectral
resolution (R ⌘ ��/�0 = 1500 and 500) is overlaid, where the source redshift is set to z = 5.
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Figure 5. Same as in Figure 4, but illustrating how the line shape changes with the width of the absorption feature, varying
b from 50 km s�1 to 300 km s�1. The other parameters are identical to those used in Figure 4.
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Figure 1. Photometric observations of RUBIES-BLAGN-1. (a) Cutouts are shown in selected filter bands, including HST/WCS,
JWST/NIRCam, and MIRI detections. A color image, composited from NIRCam/F115W, F277W, and F444W, is included as
the last panel. Each panel is 500 in width. (b) RUBIES-BLAGN-1 is bright in F444W (⇠ 22 AB mag) and exhibits an extreme
red color with F150W-F444W ⇠ 3.8 mag. The red objects at higher redshifts are included as pink dots for reference (Labbé
et al. 2023a,b). The parent sample, including all sources identified from PRIMER having F444W < 27.5 AB mag, is shown
in gray. To facilitate a better comparison to the high-z LRDs, the colors of RUBIES-BLAGN-1 interpolated by shifting the
observed spectrum to z = 7 is plotted as a red plus sign. RUBIES-BLAGN-1 is clearly an outlier in the color space, and possibly
can be seen as an analog of the high-z LRDs.

upper limit for the half-light radius of 1 pixel (0.3 kpc)
for all comparisons involving the half-light radius.

Cutouts for all filters are presented in Figure 1 to-
gether with the observed colors of RUBIES-BLAGN-1
and the parent sample, highlighting the extreme color,
magnitude, and compactness of the source. For refer-
ence, we also put RUBIES-BLAGN-1 on a color-color
plot of F277W-F356W vs. F277W-F444W—a criterion
used in the literature to select red objects at z & 4

(Labbé et al. 2023a,b). Clearly RUBIES-BLAGN-1 is an
outlier when compared to the parent PRIMER sample.
Shifting the spectrum of RUBIES-BLAGN-1 to z = 7
reveals that its colors are similar to those of the high-z
LRDs, suggesting it may be taken as a lower-redshift
analog.

In addition, we measure upper limits in Spitzer/MIPS
24 µm, Herschel/PACS 100, 160 µm, and Herschel/Spire
250, 350 µm, from the 3D-Herschel project (K. Whitaker

6 Wang et al

(a)

(b)

Figure 2. JWST/NIRSpec data of RUBIES-BLAGN-1. (a) The first row displays the 2D Prism spectrum, with the rest-frame
wavelength shown along the x-axis; the histogram indicates the extracted region. The left panel in the second row shows the
1D spectrum in F� as a function of the observed wavelength. Data and uncertainties are plotted in black and blue, respectively.
The beige horizontal line is at y = 0 to guide the eye. The cutout in the F444W band is shown to the right, with the slitlets
overlaid. (b) Same as the above figure set, but for the G395M visits. Only the 2D spectrum of the second visit is included,
which has a higher signal-to-noise ratio.

at z > 3 (Wang et al. 2024). A mass function prior and
a dynamic SFH(M, z) prior designed for deep JWST
surveys are used as well (Wang et al. 2023b). The nor-
malization and dust optical depth of mid-IR AGNs, as
well as dust emission (Draine & Li 2007) are included.
We refer the reader to Wang et al. (2024) for a descrip-
tion of the rest of the parameters describing the stellar
populations.

3.1.3. AGN Accretion Disk

The observation of unambiguous broad lines in the
spectra of RUBIES-BLAGN-1 motivates the modeling
of the accretion disk continuum emission. In brief,
we approximate the direct UV/optical emission from
an AGN accretion disk as piece-wise power laws fol-
lowing Temple et al. (2021). This model is built
from SDSS+UKIDSS+WISE AGN and spans the color-

RUBIES-BLAGN-1 , an AGN at " = 3.1 (Wang et al. 2024a)

Are LRDs truly AGNs?
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Figure 2. Spectral energy distribution of the growing seed BH with M• ' 106 M� at z = 8: the total SED (blue), the
radiation flux from the nuclear BH with nebular emission lines (magenta), and the emission from the dense accretion disk at
r ⇠ 0.1�1 pc (green). The viewing angle is set to ✓obs = 60�. The imaging sensitivity curves with S/N=10 of JWST’s NIRCam
(0.6–5 µm) and MIRI (5–20 µm) in a 10 ks exposure time are overlaid (the open square symbol indicates the e↵ective wavelength
of each filter), along with the transmission curve of each filter at the bottom (arbitrary units). The filled square symbols present
the filter-convolved flux density at each filter. The continuum radiation flux with several prominent lines with the rest-frame
equivalent widths of EWrest > 7 Å is observable with the NIRCam broad-band filters except for F070W and the MIRI F560W
filter. Intergalactic medium absorption is not included here.

EWH↵
rest

' 195 Å and EWH�
rest

' 46 Å (Vanden Berk
et al. 2001). As a result, the filter-convolved F560W
flux density (f⌫ = 150 nJy; filled square) is twice higher
than the continuum level at the same wavelength range
and thus is well above the S/N=10 detection limit in a
10 ks exposure (f⌫ = 130 nJy). The strongest H↵ at
�obs ' 5.9 µm in the MIRI’s F560W filter can be used
for photometric selection of rapidly accreting seed BHs
(see Sec. 3.2).
The Ly↵ line, which is the most prominent emis-

sion line in the rest-frame UV spectrum of quasars, is
not striking even for this luminous object because Ly↵
photons undergo a large number of scattering events
within the dense accretion disk, where electron colli-
sions populate hydrogen atoms from n = 2 to higher
levels (n � 3) before Ly↵ photons escape (Kwan & Kro-
lik 1981). Therefore, this process enhances the Balmer
and higher series lines, as shown in Figure 2. We also
note that the H↵/H� flux ratio is 3 times higher than
the ratio observed in di↵use nebulae (H↵/H� ⇠ 2.86 at
T = 104 K) because the production of those lines in the
dense disk is dominated by the collisional excitation of
hydrogen (e.g., Wills et al. 1985). The emission lines of

neutral oxygen (O I��1304, 8446, 11287) and singly ion-
ized carbon (C II]�2326) are e↵ectively excited in the
dense gaseous disk at 0.1 pc . r . 1 pc. The produc-
tion of the three O I lines is a result of Ly� fluorescence
that occurs when a population in n = 3 of hydrogen is
built up by collisional excitation and thus tightly cor-
relates to the enhancement of Balmer lines. The C II]
line is collisionally excited in the same dense region and
optically thin. These low-ionization lines support the
existence of a dense disk feeding the BH at a high rate.
Those dynamical and radiative processes can be investi-
gated with the RHD simulation that resolves the nuclear
scale, which is not su�ciently resolved in large-scale cos-
mological simulations due to computational limitations.
We note that high-ionization metal lines are not pro-

duced from the accreting gas onto BH seeds in metal-
poor protogalaxies (Z = 0.01 Z�), unlike metal-enriched
quasars at lower redshifts. Adopting the same con-
ditions, narrow metal lines such as C IV�1549 and
[O III]�5007, usually seen in low-z quasars, appear in
the SED as the metallicity increases to Z ' Z�. More-
over, this SED model does not take into account broad-
line components that could be produced in the inner

Inayoshi, Onoue, Sugahara, Inoue & Ho (2022)

Eddington value, and its mass increases nearly 10-fold within
1Myr. The elapsed time of t= 3Myr since the simulation
begins (corresponding to ;1Myr after the last accretion burst)
is adopted because the accretion flow settles down to a steady
state. This case yields the highest bolometric luminosity of
Lbol; 1045 erg s−1 compared to the other models where the BH
accretes at super-Eddington rates but its mass does not reach
106Me within the computational time, which is not heavy
enough to produce the same level of luminosity (see more
details in Inayoshi et al. 2022). In this work, we do not specify
the BH seeding mechanisms8 but focus on the observational
signature at the early growth stage when the BH mass
approaches M•; 106Me.

Figure 1 shows the structure of the accretion flow in the
RHD simulation and three components of radiation considered
in our SED model. The direct component of the flux associated
with BH accretion is the primary source of radiation. The
radiation luminosity injected from the unresolved central region
to the computational domain is assumed to follow a broken-
power-law SED as
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(e.g., Lusso et al. 2015), where hν0= 10 eV, h 1 eVminn = , and
h 1 keVmaxn = . The normalization of the luminosity is given
by an analytical model for the standard and slim disk solutions

(Watarai et al. 2000). Photoheating of the accretion flow is
dominated by bound–free absorption of hydrogen and helium
in the UV and soft X-ray bands but X-ray heating of heavy
elements is subdominant in the low-metallicity environments.
Note that the hardness of the incident radiation flux hardly
affects the conditions for the onset of super-Eddington
accretion (e.g., Takeo et al. 2019). Furthermore, we assume
isotropic and anisotropic radiation fields depending on the
bolometric luminosity emitted from the accreting BH (see more
details in Inayoshi et al. 2022). This model injects a nonzero
radiation flux to the equatorial region (θ; π/2) up to the
Eddington flux and affects the thermal properties of the
accretion disk. The reprocessed component of radiation is
considered to be the disk emission (see below). The luminosity
in excess of the Eddington value is injected anisotropically so
that the flux is collimated to the poles as cos .4( )qµ
The simulation domain is separated into nebular gas

irradiated by the luminous accreting BH and a dense disk that
feeds the central BH. Here, we define the boundary of the two
regions as that where the electron fraction is xe= 0.9, which
gives a clear separation between them because the mean free
path at the ionization front is shorter than the single-cell size.
The nebular gas reprocesses emission lines associated with the
recombination of ionized atoms. The ionization parameter U
for each cell is calculated with the r-component of the radiation
flux (attenuation by atoms and dust grains is included). The gas
density and temperature are taken from the RHD simulation,
and the slab thickness Δs is set to the cell size along the radial
direction. Thus, the nebular line luminosity is calculated as

&
L j dV4 , 2line line ( )ò p=

where 4πjline is the frequency-integrated line emissivity and
isotropic emission is considered. The volume integration is
conducted through the nebular region where photoionization of
gas dominates (xe> 0.9). The nebular emission is mainly
produced at larger radii, although the computation domain of
the RHD simulation is limited within 100 pc. To evaluate the
contribution from r> 100 pc, we extrapolate the gas properties
and strength of ionizing radiation to the virial radius of the host
dark matter halo rvir; 1.6 kpc, assuming the gas density to
follow n r n r 100 pc0( ) ( )= a- . Here, the characteristic density
and power-law index are set to n0= 30 cm−3 and α= 2,
consistent with the RHD simulation and cosmological simula-
tions for galaxy formation (e.g., Regan et al. 2014). With the
extrapolated density profile, the ionization front expands
without disturbing the density structure (Franco et al. 1990).
The nebular emission from the outer region contributes to 70%
of Lyα and 50% of He II line flux on the total SED, and the
other emission lines are produced from the dense accretion disk
within 1 pc. Note that the He II line intensity powered by the
accreting BH with a hard spectrum (see Equation (1)) is
maintained unless the incident spectrum is as soft as β 2,
where L•,ν∝ ν− β.
The disk region is dense enough to absorb the incident BH

radiation flux and to reprocess the energy as lower-energy
photons. To calculate this component of radiation, we divide
the disk into annuli and conduct radiation transfer calculations
along the vertical direction of each annulus by ignoring the

Figure 1. Density structure of the accretion flow onto a seed BH and a
schematic picture describing our SED modeling, which includes three
components: (1) the radiation flux produced from the unresolved nuclear disk
of the BH, (2) nebular emission lines emitted from irradiated gas parcels, and
(3) radiation from the dense accreting disk in the RHD simulation domain. The
physical quantities of n, T, U, xe, Δs, and θobs are the number density of
hydrogen nuclei, gas temperature, ionization parameter, electron fraction,
thickness of gas parcels, and viewing angle, respectively. The quantities with
brackets 〈 · 〉 are the mass-weighted values along the vertical direction (see
more details in the text). The boundary between the nebula and disk is defined
by xe = 0.9 (thin curve).

8 We do not exclude a scenario where a less massive seed with M• = 105 Me
at birth (e.g., Sassano et al. 2021) is falling into the galactic center through halo
mergers and its rapid growth to ∼105 Me via mass accretion is viable (Ryu
et al. 2016).
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super-Eddington accretion 
from a dense disk

RHD simulations + CLOUDY

• Strong Balmer lines (e.g., EWHα = 1300 Å, EWHβ = 100 Å, v~200km/s) 
• Emission lines of O I due to Lyβ fluorescence (EWOI1304 > 10 Å)~

Spectra of growing seed BHs
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Summary
☯  Discovery of central black holes as a fundamental constituent of galaxies.

☯  Black holes coevolve with galaxies. Black hole accretion and feedback are key 
      ingredients to galaxy formation and evolution.

☯  In  M
*
﹥1010 M⊙ galaxies, occupation fraction ~100% for SMBHs M• ≈ 106 − 1010 M⊙.

☯  In  M
*
 < 1010 M⊙ galaxies, occupation fraction ≳ 50% for IMBHs with M• ≈ 104 − 106 M⊙.

☯  Quasars have M• ≈ 109 − 1010 M⊙ when Universe was < 1 Gyr old.

☯  JWST discovery of numerous z ≈ 5 − 11 galaxies with M• ≈ 106 − 108 M⊙.

☯  Important new constraints on formation mechanism of SMBHs, cosmic reionization, 
     and gravitational waves astrophysics.
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