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Insights on the Early Universe from JWST



Universe Breaking Galaxies

Ü Labbe et al. (2023): Massive galaxies (M > 10 10 M⨀) found 700 Myr after the Big Bang (z~8)

 

 
Figure 2: Images of the six galaxies with the highest apparent masses as a function of 
wavelength. The fiducial stellar masses of the galaxies are (log(M*/M⊙) > 10). Each cutout 
has a size of 2.4” × 2.4”. The filters range from the 0.6 μm F606W filter of HST/ACS to the 
4.4 μm F444W JWST/NIRCam filter. The galaxies are undetected in the optical filters; blue 
in the short-wavelength NIRCam filters; and red in the long-wavelength NIRCam filters. The 
color stamps show F150W in blue, F277W in green, and F444W in red. 
  

Figure 3: Spectral energy distributions and stellar population model fits. Top rows: 
photometry (black squares), best-fitting EAZY models (red lines) and redshift probability 
distribution P(z) (gray filled histograms) of six galaxies with apparent fiducial masses 
log(M*/M⊙) > 10. The flux density units are fν. Uncertainties and upper limits (triangles) are 
1σ. Fiducial best-fit stellar masses and redshifts are noted. The seds are characterized by a 
double break: a Lyman break and an upturn at >3μm. Emission lines are visible in the longest 
wavelength bands in several cases. Bottom panel: average rest-frame SED of the 6 candidate 
massive galaxies (red dots) and the 16th -84th  percentile of the running median (shaded area). 
The red line is the best-fit median EAZY model. Green squares and the green line show 
average rest-frame UV-selected galaxies at z=8,10 from HST+Spitzer15,34. Gray triangles 
show two spectroscopically confirmed galaxies at z~923,36,44. The double break selected 
galaxies are significantly redder than previously identified objects at similar redshifts. This 
may be due to high M/L ratios or effects that are not included in our modeling, such as AGN 
or exotic lines.  

Figure 3: Spectral energy distributions and stellar population model fits. Top rows: 
photometry (black squares), best-fitting EAZY models (red lines) and redshift probability 
distribution P(z) (gray filled histograms) of six galaxies with apparent fiducial masses 
log(M*/M⊙) > 10. The flux density units are fν. Uncertainties and upper limits (triangles) are 
1σ. Fiducial best-fit stellar masses and redshifts are noted. The seds are characterized by a 
double break: a Lyman break and an upturn at >3μm. Emission lines are visible in the longest 
wavelength bands in several cases. Bottom panel: average rest-frame SED of the 6 candidate 
massive galaxies (red dots) and the 16th -84th  percentile of the running median (shaded area). 
The red line is the best-fit median EAZY model. Green squares and the green line show 
average rest-frame UV-selected galaxies at z=8,10 from HST+Spitzer15,34. Gray triangles 
show two spectroscopically confirmed galaxies at z~923,36,44. The double break selected 
galaxies are significantly redder than previously identified objects at similar redshifts. This 
may be due to high M/L ratios or effects that are not included in our modeling, such as AGN 
or exotic lines.  

Boylan-Kolchin+23



Universe Breaking Galaxies



CEERS 746
z = 5.624

CEERS 746

CEERS 746

Kocevski et al. (2023)

Hidden Little Monsters: Faint, Broad-line Emitters



Discovery of Faint, Broad-line AGN at z > 5

CEERS 2782

CEERS 2782
z = 5.242

CEERS 2782

Kocevski et al. (2023b)



Hidden Little Monsters

Ü CEERS Broad-line AGN 2-3 dex less massive than existing samples of 
z > 6 AGN.  Least massive BH known in the early Universe.

Kocevski et al. (2023)

Local AGN
CEERS 2782

CEERS 746

z~4-7 AGN



A Large Population of Faint Broad-Line AGN at z > 4

Harikane+23 Matthee+23 Maiolino+23



A Large Population of Faint Broad-Line AGN at z > 4

Ü 62 broad-line AGN identified in CEERS+PRIMER-UDS fields at 4 < z < 7 using RUBIES dataset.

Taylor, Finkelstein, DK+24



Little Red Dots: Massive Galaxies or Obscured AGN?

CEERS 746

Kocevski+23

Ü Origin of V-shaped SED debated since 
the detection of first broad-line LRD

Ü Make up 20-30% of broad-line sources 
identified by JWST at z > 5.



Little Red Dots: Massive Galaxies or Obscured AGN?

CEERS 746

Kocevski+23

CEERS 746
z = 5.624

CEERS 672
z = 5.667

Massive Galaxy
log M★ / M⨀~ 10-11

Obscured AGN
log Lbol / L⨀~ 45-46

Ü Origin of V-shaped SED debated since 
the detection of first broad-line LRD

Ü Make up 20-30% of broad-line sources 
identified by JWST at z > 5.



object (e.g., χ2= 462 for image A). This is due to the
extremely red colors that this object has in the JWST filters (see
Section 3.2), which cannot be properly reproduced with the
standard template set used with EAZY for the UNCOVER
catalogs (unless a combination of several galaxy templates are
used), and hints at its peculiar nature. We note that AGN
templates are not included in the EAZY run.

While this object is covered by the GLASS-JWST NIRISS
observations (see Section 2), none of the three images is
detected spectroscopically. This is not surprising, however,

since the three images are relatively faint (∼28 AB magnitudes)
in the λ∼ 1.1–2.2 μm range covered with NIRISS. The strong
emission in the redder bands F356W, F410M, and F444W
(down to ∼25 AB) will, however, be picked up in the planned
UNCOVER JWST/NIRSpec observations, which will reach
5σ continuum depths of 28–29 AB magnitudes. These
correspond to limiting 3−4σ emission-line sensitivities of
0.5 1 10 19 erg

s cm2– ´ - in the F444W band, assuming an intrinsic
line width of 500 km s−1 at z= 7.6 computed with the JWST/
NIRSpec exposure time calculator (ETC).

Figure 1. JWST/NIRCam composite-color image of A2744 (blue: F115W+F150W, green: F200W+F277W, red: F356W+F410W+F444W; see Figure 4 in Furtak
et al. 2023c for a larger field of view) together with the critical curves from our SL model for sources at zs = 1.69 (blue) and zs = 7.5 (red). The notable three point-like
red multiple images in cyan squares are the images (and zoomed-in versions) of the quasar candidate reported here at a redshift of zphot ; 7.6. We refer to these as
QSO1A, B, and C. For comparison, we also show the three images (JD1A, B, and candidate C image) of the Zitrin et al. (2014) z ; 9.76 object recently confirmed in
Roberts-Borsani et al. (2023) with JWST spectroscopy, in orange squares. All squares in the figure encompass about 2 4 × 2 4, and a 20″ bar is given in the bottom
left corner. We note that, despite being at a lower redshift than JD, the faint quasar candidate is significantly redder. Also, the images of JD1 show significant structure,
whereas the images of our object are point-like, implying a very compact demagnified size of re < 35 pc, at most. The SED of the red object is shown in Figures 4
and 5.
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Figure 4. The surface density (!e! = M→(< Re)/ωR
2
e) plotted against stellar mass. We show a theoretical limit !e! ↭

3 → 105M↑pc
↓2, determined by Grudić et al. (2019) as the dashed black line. For illustration, we show regions in M→ ↑ !e!

space for multiple stellar systems estimated from Hopkins et al. (2010), the class of star clusters (SC), ultracompact dwarf galaxies
(UCD) and globular clusters (GCs) (green), local elliptical galaxies (grey) and compact z > 2 elliptical galaxies (yellow). We
also show (see text) quiescent galaxies at z ↓ 4 ↑ 5 (Setton et al. 2024; de Graa” et al. 2024; Carnall et al. 2023), compact
starburst galaxies at z ↓ 2 (Diamond-Stanic et al. 2021), Cosmic Gems star clusters at z ↓ 10 (Adamo et al. 2024) and the MW
nuclear star cluster. The surface density measured for the three Balmer break galaxies are shown for the three sets of stellar
masses M→,min, M→,med and M→,max in orange, red and purple, respectively.

for minimal, medium, and maximal AGN contributions,
and indicate those with di!erent colors in the figures.

4.1. E!ective Surface Density

The average surface density within the e!ective radius
can be calculated with

”e! = M→(< Re)/ωR
2
e , (1)

where M→(< Re) = M→/2 and Re is the projected circu-
larized half-stellar mass radius Re = re,maj

√
b/a (ignor-

ing M/L gradients).
In Figure 4 we show the surface densities for the three

galaxies, and for the three di!erent stellar mass mea-
surements of Wang et al. (2024b); M→,min, M→,med and
M→,max in orange, red and purple, respectively. For
context, we also show regions in M→ → ”e! space for
various stellar systems, as estimated in Hopkins et al.
(2010). Nuclear star clusters, ultracompact dwarf galax-
ies, dSph nuclei and globular clusters are taken together
and shown in green, local elliptical galaxies are shown
in grey, and compact z > 2 elliptical galaxies are shown

in yellow. We also show recently discovered star clusters
at z ↑ 10 (Adamo et al. 2024) in the Cosmic Gems arc.
In addition, we show the surface densities derived for

three quiescent massive galaxies at z = 4 → 5 from
Carnall et al. (2023), Setton et al. (2024), de Graa!
et al. (2024). For these quiescent galaxies the e!ective
radii are circularized using b/a=0.7, when not reported,
adopting the value reported for the compact component
in Setton et al. (2024). Finally, we show the central
surface densities for the compact starburst galaxies at
z ↑ 2 (Diamond-Stanic et al. 2021).
The black dashed line shows an e!ective surface stel-

lar mass density of ”e! ↭ 3↓ 105M↑pc↓2. In the local
Universe, very few stellar systems exceed this limit, go-
ing all the way from star clusters and globular clusters
to elliptical galaxies (Hopkins et al. 2010; Grudić et al.
2019). It has been suggested that some universal mech-
anism controls the surface density: Hopkins et al. (2010)
propose that feedback from massive stars in the form of
winds and radiation fields is likely responsible for the ob-
served ”max. Grudić et al. (2019) propose an alternative

Ü Triply lensed LRD in Abell 2744 constrains 
size to Re < 35 pc (Furtak+24).  Stellar 
mass of ~1010 M ⨀ implies stellar density 
over 10x of globular clusters.  

Furtak+23

Baggen+24

MW Nuclear
Star Cluster

LRDs



A Census of Little Red Dots at z > 2

CEERS

PRIMER-UDS
PRIMER-COS

JADES

NGDEEP

Ü LRDs can be identified photometrically using rest-frame UV and optical 
continuum slopes.  Extends search to wider redshifts vs color selection.

Kocevski+24



Ü LRDs selected using rest-frame UV and optical continuum 
slope.  Measured for all sources at z > 2. 

Ü Fields: CEERS, JADES, NGDEEP, UNCOVER, PRIMER COS & UDS

Ü Final sample includes 341 candidate faint, red AGN.

Kocevski+25

A Census of Little Red Dots at z > 2



The Rise of LRDs at z > 4

Kocevski+24

Ü LRDs appear to emerge in large numbers at z~4 and peak at z~6.5     
Ü Lower redshift analogs exist, but number density drops dramatically at z < 4 

(see Ma+25, Bisigello+25 and Lin+25)



The Rise of LRDs at z > 4

Kocevski+24
Ma+25

Ü LRDs appear to emerge in large numbers at z~4 and peak at z~6.5     
Ü Lower redshift analogs exist, but number density drops dramatically at z < 4 

(see Ma+25, Bisigello+25 and Lin+25)



Confirmed Broad-Line Detections

Ü UNCOVER PRISM spectroscopy confirms 2/3 of reddest LRDs have broad lines. 

Greene+23Labbe+23b



Confirmed Broad-Line Detections

Ü NIRSpec G395M spect from the RUBIES survey of 24 LRDs in our sample confirms 
that 70-80% show broad-line emission (1400-4200 km/s). 

Kocevski+25



Confirmed Broad-Line Detections

Raphael E. Hviding et al.: RUBIES: A Spectroscopic Census of Little Red Dots
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Fig. A.1: All RUBIES LRDs (red) found in this work followed by rest-optical point sources with v-shaped continua (orange) all
organized by redshift. In each column in each row we show the following: the 1"→1" F444W/F277W/F150W RGB cutouts (left), the
log-scaled PRISM spectra with the location of the Balmer limit marked with a dashed line (middle), and the linear-scaled G395M
±3000 km s↑1 zoom-in of the Hω line where available, otherwise Hε, with the broad unite fit superimposed (right).

Article number, page 21

Ü Hviding+25: All point sources with V-shaped continua have broad lines



Rest-UV Luminosity Function of LRDs

QSOs (z ~ 5)

4.5 < z < 6.5 6.5 < z < 8.5

QSOs (z ~ 7)

Ü Number density 10x above extrapolations of bright quasars at z~5.   
Roughly 1 dex above X-ray and UV-selected AGN. See also Kokorev+24. 

Kocevski+25

X-ray AGN (z ~ 5)
UV AGN (z ~ 7)



Estimating Host Masses for LRDs



Estimating Host Masses for LRDs



Black Hole vs Galaxy Mass

Ü Host masses scatter above local relationship, favoring overmassive BH scenario.

Jones, Dk+26



Evidence for Over-massive BH in LRDs

Ü Using forward modeling approach of Pacucci+24, we find that LRDs at 
4 < z < 7 deviate from local scaling relationship at >3! (Jones, DK+25)



Juodžbalis+25
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Fig. 2 | Direct dynamical measurements of the black hole mass. Top Panel: 1D rotation curve along the lines of nodes. Blue points are from the binned 2D
velocity field, while the magenta crosses are the spectro-astrometry measurements. The solid black line indicates the Keplerian best fit with a point mass, giving
a BH mass of 8.3 → 106 𝐿↑ (which is a lower limit given that with this method the inclination is not constrained). The dot-dashed line is for a Nuclear Star
Cluster (see text), which results in a worse fit. Bottom Panel: Comparisons of the residuals of the full MOKA3D fits. The point mass Keplerian rotation gives
residuals far smaller than the Nuclear Star Cluster model.

consistent with the bare spectroastrometric estimate, and correspond-
ing to a supermassive black hole. Once again, as the inclination of
the rotation is unconstrained by this method, this mass estimate is a
lower limit.

In order to examine the robustness of our conclusions against
sources of systematic uncertainty, and without having to rely on spec-
troastrometry, we re-analyze our data by constructing self-consistent
kinematics models by using the MOKA3D framework24,25, which takes
into account the detailed flux distribution of the kinematic tracers, in-
clination e!ects, and the point spread function. The mass distribution
models considered are the same as in direct fitting above - the point
mass, NSC and Plummer sphere. The residuals of the fitting models
for the point mass and NSC are shown in the bottom panel of Fig.2
(while the Plummer sphere is shown in the Methods). Through this
independent analysis, we find that the best fitting model (𝐿2

𝑀 = 1.17)
is Keplerian rotation around a point mass of log 𝑀 = 7.7±0.3, when
corrected for 52± 2↓ inclination estimated via the same method (see
Methods), which is consistent with the lower limit obtained above
from the direct fits to the rotation curve. The Plummer sphere model
can also provide a good fit (𝐿2

𝑀 = 1.60), however, it does so by col-
lapsing the sphere to a point mass with a best-fit 𝑁𝑁 = 0+3

↔0 pc (see
Methods), just as for the direct 1D rotation fitting discussed above.

The NSC model does remain extended (𝑁𝑂 = 4±2 pc) when fitted to
the full 2D kinematics, however, the considerable systematic residu-
als, as illustrated in Fig. 2-bottom, and the much higher 𝐿2

𝑀 = 2.26,
indicate that this model is an inadequate fit to the data. Finally, we
also robustly exclude kinematic contamination from outflows utiliz-
ing a combination of spectroastrometry and MOKA3D modeling (see
Methods for details).

These results represent the first direct, dynamical measurement
of a BH mass at the Epoch of Reionization and in an LRD. An
immediate implication is that alternative scenarios explaining this
LRD without accreting black holes are essentially ruled out. Addi-
tionally, we can investigate the reliability of single-epoch BH mass
virial estimates out to the Epoch of Reionization, and specifically
for LRDs. Fig. 3 shows a comparison between our BH mass direct
measurement and other literature estimates obtained using the virial
scaling relations. As can be seen, our spectroastrometry lower limit
and the MOKA3D measurement are entirely consistent with these
estimates. On the other hand, an electron scattering scenario7, while
providing a good spectral fit to the broad lines (see Extended Data
Fig. 7), underestimates the BH mass by nearly 2 dex (Fig.3). Other
scenarios, such as Balmer scattering, which have been claimed to

2

Fig. 1 | H𝐿 narrow line emission and kinematics maps of QSO1. Panel a shows the narrow line surface flux, where only spaxels with narrow H𝐿 S/N > 5𝑀
included in the map. The dashed green ellipse shows the dimensions of the PSF at the wavelength of H𝐿. The smaller red ellipse shows the 3𝑀 position accuracy
at our S/N and pixel scale. The black segment shows the image scale in parsecs. Panel b shows the line velocity map, while panel c shows the line velocity
dispersion 𝑀𝐿 . The black star indicates the position of the dynamical center from MOKA3D fitting. The position angle (PA) of the IFU slicer is shown by the green
line, indicating that the observed velocity gradient is not due to calibration artefacts. The centroid of the broad line emission is indicated with a black cross.

are obtained through an inverse variance weighted mean of the con-
tributing spaxels, corrected for velocity dispersion support by adding
𝐿𝑁 in quadrature. The binned velocities are shown as blue circles in
Fig. 2-top.

While the narrow line kinematics provide useful constraints on
rotation on → 100 pc scales, the small size of the object, coupled
with the comparatively low spatial resolution, makes it di!cult to
trace the inner parts of the resolved rotation curve. However, given
the high signal-to-noise on H𝑀, it is possible to recover kinematic
information below the spatial resolution beam. Specifically, we em-
ploy spectroastrometric techniques, to search for rotation in the inner
part of the narrow line region (note that the same analysis cannot be
performed using H𝑁 narrow or [OIII], as these lines are too weak).
Briefly, spectroastrometry consists in identifying the centroid posi-
tions when scanning spectroscopic channels of a line21, producing a
map of average gas positions across a velocity range, a technique pre-
viously used by GRAVITY+ to measure BLR sizes and BH masses
in QSOs20. The full description of the spectroastrometric analysis is
given in the Methods. We find that the centroids of the Hω images
in +50 km s↑1 and -50 km s↑1 velocity channels are separated by
24.9± 9.4 pc in the source plane (Extended Data Fig. 1). Taking half
of this separation gives a radius scale 𝑂spec = 12.5+4.7

↑4.7 pc, which,
coupled with FWHM = 52+14

↑14 km s↑1 17, yields an enclosed mass of
log (𝑃spec/M↓) = 6.90+0.23

↑0.23. It should be noted that this estimate is
a lower limit, as the inclination is unconstrained with this method.

The spectroastrometric measurements above indicate a compact
and dense system, however, they alone cannot exclude a significant
contribution of stars, gas or dark matter to the mass budget. To get
a more complete picture of the mass distribution in our object, we
combine the spectroastrometric measurements with the large scale
rotation in order to construct a rotation curve for QSO1 (Fig. 2-top).
In order to test if this rotation has significant contribution from an
extended stellar component, we fit the data in Fig. 2-top with two
models - (i) a point mass and (ii) a compact, yet extended, mass

distribution mimicking the (thoroughly studied) nuclear star cluster
(NSC) of the Milky Way, with a density profile of a broken power
law where the transition between 𝑄 ↔ 𝑂↑2 and 𝑄 ↔ 𝑂↑3 occurs
at 𝑅𝑂 = 5 pc22. The details of the fitting and the exact functional
form are given in the Methods, however Fig. 2-top shows that an
extended MW-like NSC mass distribution is disfavored (𝑆2

𝑃 = 3.8)
when compared to a pure point mass (Keplerian) model (𝑆2

𝑃 = 0.8),
with log 𝑃𝑄𝑅/𝑃↓ = 6.94 ± 0.15. The evidence from kinematics
alone corresponds to > 5𝐿 preference for a point mass. Additional
kinematic evidence ruling out the NSC (as well as more extensive
NSC cases) will be presented further below and in the Methods, also
through the full 2D kinematic fitting. Here we note that the implied
NSC masses, log 𝑃↗ (< 𝑅𝑂) = 6.52 and log 𝑃↗ (< 100 pc) = 7.1, are
considerably above the stellar mass limits derived from the mass-to-
light ratio of the object (see Methods).

We also note that in these tests the NSC e"ective radius 𝑅𝑂 was
fixed to 5 pc, as in the MW’s NSC – if left free, then the 𝑅𝑂 collapses
to 10↑4 pc, hence e"ectively mimicking a point-mass. In the Methods
we estimate an upper limit on 𝑅𝑂 of 0.2 pc, which would make the
putative NSC in QSO1 more than 1 dex more concentrated than the
densest nuclear clusters found in the local Universe, and also more
concentrated than the densest star clusters found in the early universe
(Extended Data Fig. 2).

In addition to the NSC, we also test the Plummer sphere model23,
which typically describes Globular Clusters, and which posits a near
constant density out to a certain scale radius 𝑅𝑆 and an 𝑄 ↔ 𝑂↑5

drop o" once the scale radius is exceeded. This model reproduces
the observed 1-dimensional rotation curve well, however, the best-fit
𝑅𝑆 → 10↑4 pc and mass log(𝑃0/𝑃↓) → 6.9 e"ectively reduce this
model to a point mass (see Methods). In the Methods we also test
the scenario of a nuclear Dark Matter cusp, which runs into the same
problems as the NSC and Plummer sphere.

Therefore, the simplest and most direct interpretation of the rota-
tion curve is a central point mass of log 𝑃𝑄𝑅/𝑃↓ = 6.94 ± 0.15,

5

Fig. 4 | Location of QSO1 on the 𝐿𝐿𝑀 → 𝐿↑ plane. QSO1 is indicated by the red star. The remaining points represent measurements from other JWST
observations of low mass AGN 28,39–44 and quasars 45–47. The solid green line shows the local scaling relation from Ref. 19, with the scatter indicated by shading.
The other green lines indicate constant 𝐿𝐿𝑀/𝐿↑ ratios. With 𝐿𝐿𝑀/𝐿↑ > 2, QSO1 lies orders of magnitude above the local scaling relations and is ↓ 1 dex
more overmassive than even the most extreme sources found by JWST so far.

Direct Measurement of BH Mass in an LRD at z=7.04

Ü Naked BHs: dynamical mass measurement finds low stellar mass components.   



Are LRDs Really Powered by AGN?

Ü Lack of mid-infrared detection is inconsistent with the presence of a hot dust torus. 
(Williams+23, Perez-Gonzalez+24, Akins+24, Leung+24).  

Ü LRDs deviate from X-ray to optical relationships by 5" (Maiolino+24, Lambrides+24).

Ü Several LRDs identified with apparent stellar breaks (Wang+24).  
Ü Are broad-lines due to gas dynamics in dense, massive galaxies (Baggen+24)?

Flat mid-infrared SED inconsistent 
with hot dust torus

Williams+23



Are LRDs Really Powered by AGN?

Lambrides+24

Ananna+24

Ü Lack of mid-infrared detection is inconsistent with the presence of a hot dust torus. 
(Williams+23, Perez-Gonzalez+24, Akins+24, Leung+24).  

Ü LRDs deviate from X-ray to optical relationships by 5" (Maiolino+24, Lambrides+24).

Ü Several LRDs identified with apparent stellar breaks (Wang+24).  
Ü Are broad-lines due to gas dynamics in dense, massive galaxies (Baggen+24)?



Are LRDs Really Powered by AGN?

Baggen+24

Ü Lack of mid-infrared detection is inconsistent with the presence of a hot dust torus. 
(Williams+23, Perez-Gonzalez+24, Akins+24, Leung+24).  

Ü LRDs deviate from X-ray to optical relationships by 5" (Maiolino+24, Lambrides+24).

Ü Several LRDs identified with apparent stellar breaks (Wang+24).  
Ü Are broad-lines due to gas dynamics in dense, massive galaxies (Baggen+24)?



Balmer Absorption or Stellar Breaks?

Kocevski+25

Hα Hα

He	IH(

Ü Balmer break LRDs also show Balmer absorption in their emission lines, 
which may mimic a stellar break (Inayoshi & Maiolino 24)

Baggen+24
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Inayoshi & Maiolino 24
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Balmer Absorption or Stellar Breaks?

Ü Balmer break LRDs also show Balmer absorption in their emission lines, 
which may mimic a stellar break (Inayoshi & Maiolino 24)

Baggen+24



A Family of Heavily Gas Enshrouded LRDs

Naidu+25

Ü A population of LRDs with extreme Balmer breaks identified (de Graaf+25, 
Naidu+25, Taylor+25).  Appear to be gas enshrouded instead of dust reddened.



A Family of Heavily Gas Enshrouded LRDs

De Graaff+25

Ü A population of LRDs with extreme Balmer breaks identified (de Graaf+25, 
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CAPERS-LRD-z9: A Gas Enshrouded LRD at z=9.3 

Taylor, Kokorev, DK+25

Kocevski+24
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CAPERS-LRD-z9: A Gas Enshrouded LRD at z=9.3 
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CAPERS-LRD-z9: A Gas Enshrouded LRD at z=9.3 

Light 
Seeds

Heavy 
Seeds

Ü An overmassive black hole at z=9 requires a high initial seed mass or sustained 
super-Eddington growth.  Favors heavy seed scenario.
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Gas Enshrouded LRDs Across Cosmic Time
20 Lin et al.

NLR: metal-poor with minimal dust attenuation

Intermediate regions:
[Fe II] emitting gas 

BLR

Optically thick outflow 
H!, He I absorbers 

Cool gas envelope:
thermalized emission

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

Dust:		" ∼ 10! − 10"	)

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

enshrouded BH model. The individual components of
our conceptual framework are described in detail below.

• BLRs and NLRs. The broad Balmer and
Paschen lines, along with the infrared O I emis-
sion lines (in The Egg, see Figure 2), indicate that
the observed line broadening arises from gas mo-
tions within the BLRs surrounding the BHs. Anal-
ysis of the Balmer decrements, BPT diagrams,
and metallicity suggests that the narrow emission
lines originate from AGN-powered NLRs with low
metallicity and minimal dust.

• [Fe II] emitting gas intermediate between

the BLRs and NLRs. The AGN-excited [Fe II]
emission lines indicate gas with a density of ap-
proximately nH → 107.5 cm→3, intermediate be-
tween the BLRs and NLRs. The FWHM of
the [Fe II] lines ( →200 km s→1 for The Egg and
→300 km s→1 for J1022+0841 in MODS spectra) is
likewise between that of the broad (↑ 1000 km s→1)
and narrow lines (17 km s→1 for The Egg and

77 km s→1 for J1022+0841 in the Binospec spec-
tra). The absence of these [Fe II] lines in
J1047+0739 may be attributed to a lower covering
fraction of the intermediate emitting regions.

• A cool gas envelope with T ↑ 5000–

6000 K and photosphere density of ωph ↭
10→10 g cm→3

(log(g/cm s→2) ↭ 0). The opti-
cal–IR continua of the three local LRDs exhibit
pseudo-blackbody shapes indicative of thermalized
emission and are in good agreement with theoret-
ical atmosphere models (H. Liu et al. 2025). The
presence of extremely high-EW metal absorbers
(Na D, K I, Fe II, Ca T) in The Egg further indi-
cates a cool, optically thick gas envelope surround-
ing the BH. Analysis of the Ca T EW, by anal-
ogy with stellar atmospheres, suggests an atmo-
spheric temperature of approximately 5000–6000
K and surface gravity of log(g/cm s→2) ↭ 0 at
the photosphere, corresponding to a density of
ωph ↭ 10→10 g cm→3. The size of this envelope is on

NASA / JPL-Caltech



Ü He I λ7065 and λ10830
Ü Highly sensitive to density
Ü Collisionally-enhanced

Ü Fe Emission Line Forest
Ü Requires L! pumping

Ü O I λ8446 – λ11290
Ü Bowen-fluorescent
Ü Requires L" pumping

Ü Exponential line profiles
Ü Thompson scattering in a                 

dense ionized gas.
Ü #" > 10#	cm$%

Spectral Signatures of Dense Obscuring Gas



LRDs as Early Episodes of Black Hole Growth

Ü Accretion episode following direct collapse BH seed formation (Cenci+25, 
Pacucci+26, Begelman+26).

Ü Initial accretion episodes associated with newly formed seed BHs (Inayoshi+24).  

NASA/STScI/Leah Hustak

Pacucci+26



LRDs as Early Episodes of Black Hole Growth

Ü Accretion episode following direct collapse BH seed formation (Cenci+25, 
Pacucci+26, Begelman+26).

Ü Initial accretion episodes associated with newly formed seed BHs (Inayoshi+24).  

Pacucci+26

curve increases toward lower redshifts, re’ecting the shift from
LRDs to more typical AGN populations. This trend is consistent
with our Rnding of f ∝ (1 + z)−5/2, which is derived from the
nearly constant occurrence rate of AGN activity (see
Equation (C2)). Moreover, the rapid emergence of X-ray-selected
AGNs observed at 4< z< 6 aligns well with the prediction of this
hypothesis, as shown by the green curve indicating AGNs that
undergo their second episodes. This agreement further supports the
idea that LRDs represent the earliest phase of AGN activity, after
which the objects evolve into normal AGNs.

In the right panel of Figure 2, we show the fraction of AGNs
that have experienced their second or later episodes relative to
the total AGN population, representing the fraction of non-
LRDs under this hypothesis. Since a signiRcant fraction of
BHs undergo a second episode at z < 5, this fraction increases
rapidly and reaches unity by z ∼ 3. For comparison, we
overlay observational constraints on the fraction of unobscured
(non-LRD) AGNs (95% conRdence level), derived from a
sample of 62 spectroscopically conRrmed broad-line AGNs in
the redshift range of 3.5 < z < 6 (A. J. Taylor et al. 2025a). At
z� 6, the sample size in each redshift bin is sufRciently large
to reveal a trend that closely follows the model prediction
(black curve).4 The redshift range where LRDs begin to
diminish coincides with the emergence of typical unobs-
cured AGNs.

The emergence conditions of LRDs are likely tied to the
underlying BH seeding mechanisms and the surrounding
environment. One proposed model is the heavy seed scenario,
in which seed BHs form through the direct collapse of massive
atomic gas clouds (e.g., A. Loeb & F. A. Rasio 1994;
V. Bromm & A. Loeb 2003; M. C. Begelman et al. 2006;
C. Shang et al. 2010, see also K. Inayoshi et al. 2020).
Alternatively, the lack of an obvious host galaxy component in
LRDs (C.-H. Chen et al. 2025) implies that processes beyond
baryonic physics might be involved. For instance, the collapse

of a halo core via energy dissipation in a self-interacting dark
matter environment has been proposed (e.g., W.-X. Feng et al.
2021; M. Grant Roberts et al. 2025; F. Jiang et al. 2025). In
both scenarios, a key prediction is that BH formation precedes
active star formation and yields a BH-to-stellar mass ratio
substantially higher than the local empirical value (e.g., H. Hu
et al. 2025; F. Jiang et al. 2025). Notably, a recently reported
LRD with its broad Hβ emission at zspec = 9.288, CAPERS-
LRD-z9, shows an apparent overmassiveness in the ratio
(A. J. Taylor et al. 2025b), offering an opportunity for testing
the BH seeding channel along with the transitional trend of
LRD abundance relative to the entire BH population (see the
right panel of Figure 2). Moreover, the initial accretion
episodes onto newly born seed BHs are likely led by intense
cold ’ows along cosmic Rlaments in overdense regions of the
Universe (T. Di Matteo et al. 2012) and may occur through gas
with low angular momentum (D. J. Eisenstein & A. Loeb
1995). The timing of these accretion processes, potentially
in’uenced by the spin distribution of the halo, may be crucial
for the emergence of LRDs (see also P. Kroupa et al. 2020).
The physical origin of the log-normal occurrence distribu-

tion for LRDs (and more broadly, AGN activity) remains an
open question. However, the observed statistical properties
suggest that the occurrence time, tAGN, is determined by the
product of multiple independent physical quantities xi
(i = 1, 2,⋯ n) with some inherent randomness, such that

( )=t x x x . 4nAGN 1 2

If the logarithms of these variables, xlog i, follow distributions
that satisfy weak conditions, the central limit theorem implies
that the distribution of tlog AGN tends toward a normal
distribution as n increases. In astrophysical contexts, while
n → ∞ is not strictly applicable, even a modest number
(n ∼ 3) is sufRcient to produce a log-normal distribution (e.g.,
K. Ioka & T. Nakamura 2002). This statistical (i.e.,
macroscopic) property can be described without specifying
the detailed microscopic physical processes that govern AGN
triggering. Modeling the speciRc mechanisms that set the mean

Redshift z
2 3 4 5 6 7 8 10

A
G

N
 a

bu
nd

an
ce

 (M
pc

   
)

10-2

10-3

10-4

10-5

10-6

10-7

-3

10 9

X-ray AGNs (Ueda+14)

JWST LRDs (Kocevski+24)

X-ray AGNs (Pouliasis+24)

HSC LRDs (Ma+25)
JWST LRDs (Kokorev+24)

LRD (1st episode)
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Figure 2. Left: the redshift dependence of the AGN comoving number density. Each modeled curve presents the AGN population that undergo nth AGN active
episodes, illustrating the distribution of the total elapsed time Tn (1 � n � 8): the Rrst (magenta), second (green), third (cyan), and fourth (orange) episodes, as well
as the total population in this model (black). The normalization is set such that the modeled LRD abundance is consistent with the observed ones (red; V. Kokorev
et al. 2024a; D. D. Kocevski et al. 2025). The predicted abundance in this model agrees with those of LRD candidates at 1.7 < z < 3.7 photometrically selected by
wide-area ground-based telescope surveys (purple; Y. Ma et al. 2025), as well as with X-ray selected AGNs over 0 < z < 5 (gray; Y. Ueda et al. 2014) and 4 < z < 6
(green; E. Pouliasis et al. 2024). Right: the fraction of non-LRDs (black curve; model) and observational constraints on the fraction (95% conRdence level) derived
from a sample of 62 broad-line AGNs (blue symbol; A. J. Taylor et al. 2025a).

4 Since the sample size at 6 < z < 7 is too small for robust statistical analysis
(one LRD and three unobscured AGNs), we do not include the data in the right
panel of Figure 2. Statistical uncertainties are evaluated using the Clopper–
Pearson method.
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LRDs as Early Episodes of Black Hole Growth
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Constraining the Low-z Abundance of LRDs with Roman

Subaru Hyper 
Suprime-Cam

Euclid 

Ü Roman HLWAS Deep Tier
Ü 19 deg2  with 6 filters 
Ü 40x larger than JWST legacy fields

Ü Will provide between 1,000 – 
10,000 LRDs based on current 
estimates.

Adapted from Pacucci+25



Constraining LRD Host Masses via Clustering with Roman

Jones, Dk + 26

Courtesy S. Finkelstein



Summary

Ü High number density of red, compact 
objects with UV excess and broad 
emission lines at z~5-6.

Ü Family of extreme LRDs suggest gas 
absorption may explain their red 
colors instead of dust extinction.

Ü Likely gas-enshrouded, infant BHs 
growing at super-Eddington rates.

Ü Roman observations will provide key 
measurements of LRDs at low-z:
Ü UV luminosity function at z=2 to 

constrain redshift evolution.
Ü Measure host masses via clustering


