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ABSTRACT

Little Red Dots (LRDs), newly identified compact and dusty galaxies with an unexpectedly high
number density observed by JWST, have an unusual “V-shaped” rest-frame UV to near-infrared
spectral energy distribution (SED). A group of hyper-luminous, obscured quasars with excess blue
emission, (called Blue-excess Hot Dust-Obscured Galaxies (BHDs), also exhibit qualitatively similar
SEDs to those of LRDs. They represent a rare population of galaxies hosting supermassive black
holes (SMBHs) accreting near the Eddington limit at redshifts z ~ 1-4. In this study, we compare
their multi-wavelength SEDs to investigate whether LRDs, or a subset of them, could be high-redshift
analogs of BHDs. Our analysis reveals that despite their similar “V-shape” SEDs, LRDs appear to be
a different population than BHDs. The “V-shape” of BHDs appear at longer wavelengths compared
to LRDs due to different selection strategies, suggesting LRDs have much less dust attenuation than
typical BHDs. The bluer colors in the rest-frame infrared (continuum) emission of LRDs suggest the
absence of hot dust heated by AGN accretion activities. We also argue that the blue excess in LRDs is
unlikely from AGN scattered light. The compact morphologies and lower X-ray detection frequencies
of LRDs suggest a distinct formation pathway from BHDs — which are thought to be powered by

super-Eddington accretion onto central SMBHs following major galaxy mergers.

Keywords: High-redshift galaxies, Active galaxies, AGN host galaxies, dusty galaxies

1. INTRODUCTION

Surveys by the James Webb Space Telescope (JWST)
have revolutionized our understanding of galaxy forma-
tion in the early universe, including the discovery of
over-massive black holes at z > 4 (Matthee et al. 2024,
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Kocevski et al. 2024). Among these findings, a popula-
tion of red and compact galaxies referred to as “little red
dots” (LRDs; Matthee et al. 2024, Greene et al. 2024)
are distinguished by their distinct near-infrared (NIR)
colors, characterized by red rest-frame optical continua
and a blue UV excess—commonly described as “V-
shaped” SEDs (e.g., Labbé et al. 2023; Kocevski et al.
2024; Williams et al. 2024). AGN activity in LRDs is
suggested by their red optical colors and broad Ha emis-
sion lines (Williams et al. 2024; Greene et al. 2024). The
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presence of such abundant SMBHs, with number densi-
ties 1-2 dex higher than pre-JWST selected quasars in
the first Gyr after the Big Bang (Kokorev et al. 2024),
may indicate early anomalous growth mechanisms such
as super-Eddington accretion, merger events, or mas-
sive black hole seeds (Greene et al. 2024). However,
LRDs show weak X-ray (Yue et al. 2024; Ananna et al.
2024; Sacchi & Bogdan 2025; Maiolino et al. 2024) and
millimeter-band emission (Akins et al. 2024; Xiao et al.
2025; Casey et al. 2025), placing constraints on both the
AGN emission mechanisms and the dust and gas content
of their host galaxies.

Hot Dust-Obscured Galaxies (Hot DOGs) are a rare
population of galaxies discovered by the Wide-field In-
frared Survey Explorer (WISE; Wright et al. 2010), pre-
dominantly at redshifts z ~ 1-4. These galaxies typ-
ically exhibit bolometric luminosities Ly, > 1013L@,
with some exceeding Ly, > 1014L@ (Eisenhardt et al.
2012; Wu et al. 2012; Tsai et al. 2015; Assef et al.
2015). Hot DOGs are characterized by very red mid-
infrared colors, with SEDs exhibiting a steep rise from
rest-frame 3-4 pm, peaking around 3-100 pm, and de-
clining at longer wavelengths (Wu et al. 2012; Tsai et al.
2015). SED modeling reveals that this strong infrared
emission originates from abundant hot dust surrounding
an actively accreting central super massive black hole
(SMBH; Tsai et al. 2015). X-ray observations suggest
heavy obscuration towards the Active Galactic Nuclei
(AGNs), with column densities reaching the Compton-
thick limit (Stern et al. 2014; Assef et al. 2016; Vito et al.
2018). Hot DOGs at z ~ 1 —4 are massive galaxies with
black hole masses ranging from 108Mg to 101°Mg (Wu
et al. 2018; Li et al. 2024), likely to be in the “blowout”
phase after the major merger of two massive galaxies
(Sanders et al. 1988; Hopkins et al. 2008). The discov-
ery of low-redshift Hot DOGs at z < 0.5 by Li et al.
(2023; 2025) support the interpretation that Hot DOGs
represent a special transition phase of AGN accretion
histories.

While Hot DOGs consistently show strong hot dust
emission in the rest-frame mid-to-far infrared with sig-
nificant UV-NIR dispersion (Tsai et al. 2015), a sub-
set exhibit a rest-frame UV excess and are classified
as Blue-excess Hot DOGs (BHDs; Assef et al. 2016).
In addition to the SED component of a fully obscured
AGN, the blue excess of BHDs is best fitted with a sec-
ond, unobscured AGN component that contributes only
~ 1% of the bolometric luminosity of the obscured com-
ponent (Assef et al. 2016). Subsequent UV polarization
observations of selected BHDs confirmed their UV ex-
cess originates from scattered AGN light (Assef et al.
2022; Assef et al. 2025). BHDs may represent Hot DOGs

transitioning from a fully obscured AGN phase to a UV-
excess phase where the central AGN leaks radiation (As-
sef et al. 2020, 2022). Updated statistics indicate up to
27% of spectroscopically confirmed Hot DOGs can be
classified as BHDs (Li et al. 2024).

Both BHDs and LRDs exhibit “V-shaped” SEDs.
For LRDs, the red emission is modeled with a red-
dened AGN, while the blue rest-frame UV continuum
originates from either star formation or scattered light
from the obscured AGN (Labbé et al. 2023; Greene
et al. 2024; Leung et al. 2024; Ma et al. 2025). No-
tably, the scattered-light scenario shows direct paral-
lels to the physical modeling of BHDs. Noboriguchi
et al. (2023) propose an evolutionary sequence con-
necting LRDs, blue-excess dust-obscured galaxies (Blu-
DOGs; Noboriguchi et al. 2019), and BHDs. These
systems may represent post-merger galaxies undergo-
ing dusty outflows at different cosmic epochs. Alter-
native models including a single reddened AGN with
its extinction curve or a massive, optically thick enve-
lope surrounding the central AGN can also reproduce
the “V-shaped” feature in LRDs (Li et al. 2025; Kido
et al. 2025). Beyond their SED characteristics, broad-
line LRDs have estimated SMBH masses ranging from
108 — 10° Mg, (Greene et al. 2024; Matthee et al. 2024),
assuming the broad emission lines originate from the
broad-line region of a putative AGN. These masses im-
ply that the SMBHs are overmassive relative to their
host galaxies (Greene et al. 2024). This characteristic
is shared with extremely red quasars and Hot DOGs
(Assef et al. 2015; Chen et al. 2025). Estimates from
broad emission lines would indicate SMBHs in LRDs
accrete at sub-Eddington levels, with Eddington ratios
(typically <0.4) lower than those in Hot DOGs (Greene
et al. 2024; Matthee et al. 2024). However, blue-shifted
Balmer absorption lines in ~20% of LRDs reveal gas-
rich environments (Lin et al. 2024), suggesting possible
super-Eddington accretion (Inayoshi & Maiolino 2024).

Given the similar “V-shaped” SEDs, possible shared
physical scenarios, and a potential evolutionary relation
between LRDs and BHDs, we evaluate whether BHDs
constitute lower-redshift analogs of LRDs. This paper is
organized as follows: Section 2 introduces the samples of
LRDs and BHDs in this work. In Section 3, we examine
the differences of UV to NIR SEDs between these two
populations. Section 4 discusses selection effects, the
properties of SMBHs, and compare the number densi-
ties of LRDs and BHDs. We present our conclusions in
Section 5. In this paper, we use the AB magnitude sys-
tem and adopt a flat ACDM cosmology with Hy = 70
km st Mpc !, and Qp = 0.3 (Hinshaw et al. 2013).



2. SAMPLE SELECTION AND ANALYSIS
2.1. LRD sample selection and SED collection

We utilized the photometric data and stacked SED
of LRDs from Akins et al. (2024; hereafter Akins24).
This study selected 434 sources from the COSMOS-
Web program (Casey et al. 2023) and the Public Release
IMaging for Extragalactic Research (PRIMER) survey
(Dunlop et al. 2021). The selection criteria for LRDs
in this paper include a compactness metric in F444W,
0.5 < fF444W(d:0'/.2)/fp444w(d10//.5) < 0.7, and
a red F277TW-F444W color, mporrw — Mpgaaw > 1.5.
This single-color selection criterion for LRDs differs from
the other LRD studies using red rest optical + blue UV
colors (Labbé et al. 2023; Kocevski et al. 2024), and
is more similar to the selection of extremely red ob-
jects (EROs) (Akins et al. 2024). Notably, the MIRI
F1800W imaging of the LRD samples in the PRIMER
survey yields marginal or non-detections.

To evaluate the difference in SEDs between sources
selected by Akins24 and those selected by double-color
criteria, we picked 76 “V-shape” Akins24 sources which
satisfy the “red2” criteria proposed by Labbé et al.
(2023), namely mpisow — Mr2oow < 0.8, mporrw —
mgssew > 0.7, and mparrw — Mpaaaw > 1.0. We also
collected the photometry of 260 LRDs from Kokorev
et al. (2024), selected using similar “V-shape” selection
criteria as Labbé et al. (2023) from the Cosmic Evo-
lution Early Release Science Survey (CEERS; Finkel-
stein et al. 2022), PRIMER, and other programs cov-
ering GOODS-S. The Akins “V-shape” sub-sample and
the catalog in Kokorev et al. (2024) have 11 overlapping
sources in the COSMOS field. Therefore, in this paper,
we focus on these 326 LRDs for SED analysis and com-
parison, all of which exhibit a “V-shape” feature from
rest-frame UV to optical. Additionally, we included six
sources detected in both the MIRI/F770W and F1800W
bands from Leung et al. (2024), which provides complete
photometric coverage from 1-18 pm using NIRCam and
MIRI imaging of 95 LRDs in the UDS and COSMOS
fields.

The stacked SED of all LRDs from Akins24 is repre-
sented in the top panel of Fig. 1. The rest-frame lu-
minosities of the stacked photometry for the “V-shape”
sample, derived using photometric redshifts from Koko-
rev et al. (2024) and Akins24, along with the 1o scatter,
are shown as dark blue dots in eight NIRCam bands
(FO90W, F115W, F150W, F200W, F277W, F356W,
F410W, and F444W) and two MIRI bands (F770W
and F1800W). The luminosities of stacked photome-
try of these sub-samples are consistent (within 1 o)
with the SED of the Akins24 full sample, showing a
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drop around 0.3 pm as a result of the “V-shape” se-
lection criterion. Notably, the stacked SED of LRDs
beyond the observed 18 ym in Fig. 1 is based on the up-
per limits from non-detections in Spitzer/MIPS 24 pm,
JCMT/SCUBA-2 850 pm, ALMA 1.2 and 2.0 mm imag-
ing, and MeerKAT/VLA 1.3 and 3 GHz imaging, follow-
ing the assumption of multi-temperature dust emission
ranging from 30-1500 K (Akins et al. 2024).

2.2. Hot DOG SEDs

Hot DOGs are selected by their red mid-infrared col-
ors using the “W1W2-dropout” selection criteria (Eisen-
hardt et al. 2012). The “core sample” of Hot DOGs
reported in Assef et al. (2015) is defined using slightly
more stringent criteria, and includes 96 spectroscopi-
cally confirmed W1W2-dropouts at z > 1 with W4
< 7.2. As described earlier, BHDs are Hot DOGs with
blue emission excess. Their SEDs are better fit with
an extra unobscured AGN component, attributed to
the scattering of the blue emission from the obscured
AGN (Assef et al. 2016, 2020, 2022). Li et al. (2024)
found that 27% of the Hot DOGs in the core sample
have a mildly reddened AGN component contributing
> 50% of the observed light at rest-frame wavelengths
< 1 pm, and hence could be classified as BHDs. This
fraction is affected by selection bias, as BHDs are eas-
ier to obtain secure redshifts among Hot DOGs due to
their brighter rest-frame optical emission. We note that
in terms of bolometric luminosity, the scattered light
contributes less than 1% (Assef et al. 2016, 2020, 2022).
In Fig. 1, the solid black line in the bottom panel shows
the stacked rest-frame SED of BHDs after normaliza-
tion with respect to their bolometric luminosities, de-
rived from the 26 BHDs in the core sample presented in
Li et al. (2024). The gray shaded area represents the
normalized SED range for Hot DOG samples at z > 1.6
(Tsai et al. in prep).

3. SED ANALYSIS

The lower redshifts of the spectroscopically confirmed
LRDs from Greene et al. (2024) overlaps with the red-
shift of the most distant Hot DOGs discovered so far
(Tsai et al. 2015; Diaz-Santos et al. 2018). The char-
acteristic “V-shape” SEDs observed in both LRDs and
BHDs motivate an investigation into whether BHD se-
lection criteria could also identify LRDs, and more
broadly, whether the two populations share a common
physical origin. To this end, we compare their SEDs and
other properties.

Fig. 1 shows normalized SEDs of LRDs and BHDs,
modeled using linear combinations of AGN and host
galaxy SED templates from Assef et al. (2010). In
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Figure 1. Comparison between the normalized SEDs of LRDs (upper panel) and BHDs (lower panel). The grey-shaded region
represents the distribution of Hot DOGs photometry at z > 1.6. The orange lines show dust models with temperatures of 450 K
and 60 K and emissivity index S = 1.5, characterizing the radial slope of the dust density in the single power-law (SPL) model
of Tsai et al. (2015). The vertical green dashed lines mark the locations of NIRCam/F444W at the median redshifts of BHDs
(z = 2.3) and LRDs (z = 6.5). Top: The black curve represents the stacked SED of LRDs from Akins24, while the dashed
line extending beyond observed 18 pum shows multi-temperature dust emission assumed by weak far-infrared observations. The
blue and red curves with shaded regions correspond to AGN templates with dust attenuation values of Ay ~ 0.02 + 0.01 mag
and 2.5 + 1.4 mag, respectively. The dark-blue points indicate the stacked photometry of the compiled 326 “V-shape” LRD
sample from Akins24 and Kokorev et al. (2024). The black-blue triangle represents the stacked MIRI F1800W photometry of
6 MIRI-observed Akins24 sources in the “V-shape” sub-sample, shown as upper limits due to non-detection in all “V-shape”
sub-samples. Bottom: The black curve represents the median-stacked SED of BHDs. The blue and red curves, along with
their shaded regions, correspond to AGN templates from Assef et al. (2010), modeled with dust attenuation values of Ay ~ 0.2
+ 0.2 mag and 18 + 5 mag, respectively. The brown dashed line shows the contribution of the host galaxy.

this model, the optical-to-NIR emission is attributed to
a reddened AGN, while the UV excess arises from a
lightly obscured or unobscured AGN component, with
additional contributions from the host galaxy in some
cases (shown by the brown dashed line in lower panel
of Fig. 1). The SED of BHDs (bottom panel) is shown
with two AGN components: a heavily obscured AGN
(Avi,mea = 18; Assef et al. 2015) and an unobscured

counterpart (Ave mea = 0.2; Li et al. 2024). This fit-
ting methodology (see Section 3.1 of Li et al. 2024 for
details), previously applied to BHDs (Assef et al. 2016,
2020; Li et al. 2024), is also adopted here to model the
SEDs of “V-shape” LRDs with more than three-band
detections (top panel). The best-fit model for LRDs con-
sists of a moderately obscured AGN (Ay; = 2.6 +1.4)
dominating the optical emission and a nearly unob-
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Figure 2. The observed-frame SEDs of LRDs and BHDs. The SEDs of BHDs at z = 2.3 (blue solid curve) are scaled to their
median bolometric luminosity Lbol,med = 6.4 X 1013L@. The stacked SEDs of the Akins24 sample at z = 6.5 and scaled to
Lbol,med = 2.3 x 1012 L, from Akins et al. (2024), are represented by the red curve. The orange curve shows the SED of BHDs at
z = 6.5, scaled to the luminosity for the typical SMBH mass of ~ 10 Mg in LRDs (Greene et al. 2024) and assuming the median
accretion rate of BHDs. The small dots in green, blue, and red represent the photometry at F444W, F770W, and F1800W,
respectively, for the five LRDs detected in both MIRI bands by Leung et al. (2024). The red squares mark the photometry of
Virgil (Rinaldi et al. 2025), a compact and MIRI-red AGN at z = 6.6, with photometry scaled to match the NIRCam/F444W

luminosity of the stacked Akins24 LRDs.

scured AGN component (Ays = 0.024+0.01) responsible
for the blue excess. The fitting results of LRDs is con-
sistent with previous SED-based studies of LRDs, which
derive Ay ~ 3 for the reddened AGN component (e.g.,
Labbé et al. 2023; Greene et al. 2024; Leung et al. 2024).

The vertical green dashed lines shown in Fig. 1 mark
the locations of the NIRCam/F444W filter at redshifts
z = 6.5 and z = 2.3, corresponding to the median red-
shift of the Akins24 sample and BHDs, respectively. At
z = 6.5, the F444W filter captures the brightest emis-
sion of LRDs, while it corresponds to the valley bottom
of “V-shape” SED for BHDs. On the contrary, BHDs
at z = 6.5 are expected to be bright in F1800W band
due to the dominant dust emission, whereas LRDs are
mostly faint in F1800W and remain undetected in the
millimeter bands (Xiao et al. 2025; Casey et al. 2025),
suggesting a lack of significant dust emission above the
detection threshold. The difference in the “V-shape”
valley points between LRDs and BHDs indicate that the
the red? selection criteria cannot identify BHD candi-
dates with similar redshifts as LRDs but may preferen-
tially select BHDs at lower redshifts (z ~ 2-3).

Fig. 2 highlights the significant differences in bolo-
metric luminosity between the observed-frame SEDs of
BHDs at z = 2.3 and the Akins24 sample at a median
redshift of zpq = 6.5. We also plot the MIRI detec-
tions of selected LRDs from Leung et al. (2024). The
red and blue curves are scaled to the median bolometric
luminosities of Lpolmed = 6.4 X 103 L, for BHDs and
Lpolmed = 2.3 % 10'2L for LRDs, respectively. The
orange curve shows the BHD SED scaled to match the
bolometric luminosity expected from an AGN with the
typical LRD black hole mass (~ 108 M, estimated from
Ha; Greene et al. 2024; Matthee et al. 2024) accreting at
the median BHD Eddington ratio (~ 0.7; Li et al. 2024).
The shaded regions represent the uncertainty of each
curve, calculated using the Median Absolute Deviation
(MAD). Although the scaled luminosity is comparable
to that of LRDs, the resulting SED shows a continu-
ously declining trend across the JWST /NIRCam bands,
which contrasts with SEDs typically seen in LRDs. This
SED inconsistency with typical LRDs makes BHD clas-
sification as an LRD unlikely.

The red squares in Fig. 2 show the photometry of Vir-
gil, a dusty, obscured AGN at z = 6.6 (Rinaldi et al.
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2025), identified through its red MIRI colors (Iani et al.
2024). While its rest-frame UV-to-optical colors exclude
it from the LRD selection criteria, this galaxy shares the
compact morphology characteristic of LRDs. Accord-
ing to Noboriguchi et al. (2023), both LRDs at z > 5
and UV-excess dust-obscured galaxies (DOGs) at cosmic
noon may represent a post-merger outflow phase, with
varying covering factors of dusty material, suggesting a
potential evolutionary sequence. Virgil may serve as a
bridge between LRDs and DOGs. Its SED resembles
that of BHDs blueward of F770W, but diverges more
significantly from LRDs. Notably, its F770W -F1500W
color is bluer than that of BHDs, indicating a deficiency
of hot dust emission around the central AGN.

4. DISCUSSION
4.1. Selection-induced differences in BHDs/LRDs

The rest-frame UV to near-infrared colors of LRDs
and BHDs reveal notable differences in the SEDs of
these two populations. The “W1W2-dropout” crite-
rion efficiently selects galaxies with significant dust emis-
sion, which contributes approximately 99% of Ly, start-
ing from ~3-4 pm. In contrast to typical AGN torus
emission models, the SEDs of LRDs observed with
JWST /MIRI remain relatively flat in the mid-infrared
bands (Williams et al. 2024; Pérez-Gonzdlez et al. 2024).
In the full Akins24 sample, no sources are detected at
F1800W. In another study, two LRDs are detected in
the F1800W band out of a sample of 31 (~6.5%) (Pérez-
Gonzélez et al. 2024), consistent with the detection rate
of LRDs in both the F770W and F1800W filters (6/100,
6%) from MIRI observations (Leung et al. 2024). These
results collectively confirm the low F1800W detection
rate in LRDs. The bluer F770W -F1800W color (< 2
mag) compared to BHDs (~ 5 mag) reveals a deficiency
of hot dust, implying less AGN dust heating in these
abundant JWST-detected infrared sources.

A key selection criterion for LRDs is their compact
morphology, which distinguishes them from populations
like Hot DOGs that are selected purely by color. This
results in a significant size difference: LRDs have a me-
dian effective radius of R, ~ 100 pc (Akins et al. 2024;
Kokorev et al. 2024), while Hot DOGs are much more
extended with R, ~ 1-4 kpc (Farrah et al. 2017; Diaz-
Santos et al. 2021). The morphology of these objects
can provide clues to the host galaxy’s contribution to
their blue emission. While obscured star formation was
considered as a possible way to explain the extended UV
emission in BHDs (Assef et al. 2020), high polarization
seen in BHDs confirms that the extended UV emission
is instead due to light scattered from an outflow (Assef
et al. 2025). In contrast, for some LRDs, exhibiting a

resolved UV morphology is evidence of a contributing
host galaxy (Rinaldi et al. 2024; Wang et al. 2024; Chen
et al. 2025).

4.2. Comparison of UV origins via SED fitting

BHDs exhibit significant dust attenuation of ~20-60
mag in the rest-frame optical to NIR continuum (Assef
et al. 2015), with strong evidence that the observed UV
excess originates from scattered light escaping through
lightly obscured or unobscured lines of sight (Assef et al.
2022). In contrast, the valley points of the “V-shape”
feature in LRDs are generally bluer than those of BHDs,
as shown in Fig. 1. Adopting the same SED fitting meth-
ods as BHDs, our analysis indicates significantly lower
attenuation (Ay ~ 2.6) toward the reddened AGN com-
ponent. The luminosity ratio between blue and red-
dened components indicates scattered light contributes
< 1% of the total emission, consistent with other es-
timations from LRD samples (Labbé et al. 2024; Ko-
cevski et al. 2024; Leung et al. 2024). This fraction
is comparable to that inferred for BHDs (Assef et al.
2016). Within the framework of the BHD scattering
scenario, it is therefore difficult to reconcile how LRDs
could yield a comparable scattered-light fraction under
such reduced obscuration. More likely, the observed blue
light in LRDs is not significantly contributed by scat-
tered UV photons from the AGN leaking through a nar-
row, low-obscuration opening angle. Therefore, we pro-
pose that the blue excess contributing to the “V-shape”
feature in LRDs may not originate primarily from scat-
tered UV photons from a central AGN via a mechanism
like that in BHDs.

A similar conclusion is reached in some other works.
For example, the high similarity in the elevated red side
of “V-shape” SEDs commonly seen in LRDs suggests
that the model of a reddened AGN with partial scattered
emission cannot explain the observed SEDs of LRDs well
(Setton et al. 2024; Labbé et al. 2024). In addition, the
lack of significant photometric variability in the 21 “V-
shape” LRDs from Tee et al. (2024) implies an upper
limit of ~ 30% for the total observed UV light attributed
to the AGN contribution. At rest-frame optical wave-
lengths, the unresolved morphology suggests an AGN’s
dominance in LRDs. However, at shorter wavelengths,
approximately 30% of LRDs exhibit resolved UV mor-
phologies (Wang et al. 2024; Rinaldi et al. 2024; Chen
et al. 2025) suggesting that the rest-frame UV contin-
uum could be primarily contributed by host galaxies in
LRDs.

Recent observations of a luminous quasar at z =
2.566, considered a “Big Red Dot” analog of LRDs
(Stepney et al. 2024), offer further insight into the scat-



tering scenario. The source lacks the hot dust typically
associated with a central torus, suggesting that both ob-
scuration and scattering occur on galaxy scales rather
than within a compact nuclear structure. Notably, its
UV excess can be explained by only ~0.05% of the in-
trinsic AGN light and may also include contributions
from star formation in the host galaxy. These results
support the interpretation that the blue excess observed
in LRDs is unlikely to originate from classical torus-scale
scattering mechanisms.
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Figure 3. The bolometric LFs of LRDs in higher and lower
redshift bins reported by Kokorev et al. (2024) and Greene
et al. (2024) are presented in diamonds and points, respec-
tively. The pre-JWST bolometric LFs at z = 6 and z = 5,
derived by Shen et al. (2020), are shown as dashed red and or-
ange lines, respectively. The vertical green solid and dashed
curves indicate the median bolometric luminosity of BHDs,
with its 1o scatter.

4.3. Number density comparisons

At z ~ 2-4, Hot DOGs exhibit number densities
comparable to equally luminous unobscured quasars
(Assef et al. 2015), indicating significant obscuration
among the most luminous AGN. Assuming similar ob-
scured fractions persist at higher redshifts and consistent
BHD/Hot DOG ratios, we estimate the z ~ 6-8 BHD
number density using bolometric luminosity functions
(LFs). Figure 3 presents the number density of LRDs
from Greene et al. (2024) and Kokorev et al. (2024).
For BHDs, the median bolometric luminosity is Lyo ~
7.873% x 10 L. At z = 6, BHDs have an estimated
number density of ~ 1078-10"9 Mpc3dex'. This low
density is primarily attributable to their extreme lu-
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minosity. Consequently, BHD-luminosity quasars are
highly rare among JWST-selected sources.

An evolutionary connection between LRDs and BHDs
would predict either the coexistence of BHD-like sys-
tems with LRDs at z > 5, or LRD analogs appearing at
cosmic noon. However, as discussed above, the number
density of LRDs steeply declines at z < 5, where Hot
DOGs begin to emerge. This trend does not rule out
the possibility of observational biases. The currently
known MIRI-selected, extremely red AGN Virgil is a
rare JWST-detected source. It exhibits a UV-to-NIR
SED similar to that of BHDs, but shows a bluer mid-
infrared color. Its rarity suggests that the intense AGN
heating mechanism to produce hot dust is rare in the
high-redshift Universe. Thus, systematic searches for
high-z Hot DOGs are needed in future studies. No-
tably, the fraction of “V-shaped” sources among high-z
broad-line and compact AGNs (~ 2/3; Matthee et al.
2024; Hviding et al. 2025) is substantially higher than
the fraction of BHDs among Hot DOGs (~27%; Li et al.
2024). BHDs are thought to represent a transitional
phase in which AGN light begins to leak from heav-
ily obscured cocoon, accompanied by strong UV metal
emission lines (e.g., [C1v]; Assef et al. 2020). In con-
trast, the high UV-excess fraction implies weak dust
signals and may point to an evolving dust-to-gas ratio
over cosmic time. Searches for LRD analogs in the local
Universe by Lin et al. (2025) find lower-limit number
densities of ~ 10719 Mpc~3, reinforcing the rarity of
low-redshift LRDs. Recent theoretical studies (Inayoshi
2025) propose that the first one or two AGN events asso-
ciated with newly formed seed black holes are observed
as LRDs, whose distinctive features fade in subsequent
episodes. While intriguing parallels exist, the evolution-
ary link between LRDs and BHDs remains speculative
and requires further investigation.

4.4. SMBHs in LRDs and BHDs: both under
Eddington limit accretion?

The emission lines (e.g., Ha and [O 111]) in Hot DOGs
indicate the presence of powerful ionized outflows (Wu
et al. 2018; Jun et al. 2020; Finnerty et al. 2020; Vayner
et al. 2024; Liu et al. 2025). Combining the high Edding-
ton ratios and outflow features, these properties indicate
that Hot DOGs are undergoing intense accretion and
feedback activities, with some potentially surpassing the
Eddington accretion limit (Tsai et al. 2015; Li et al.
2024). Similar to LRDs, these galaxies are typically
faint or undetected in X-ray observations (Stern et al.
2014). The general X-ray non-detection of LRDs (Yue
et al. 2024; Ananna et al. 2024; Maiolino et al. 2024)
and the ~ 20% detection rate of absorption features in



8

broad line LRDs are thought to be due to gas-rich en-
vironments of AGNs in these galaxies, which may be
explained by super-Eddington accretion (Greene et al.
2024; Inayoshi & Maiolino 2024).

We cross-matched the LRD sample with catalogs from
Chandra deep field surveys (Nandra et al. 2015; Xue
et al. 2016; Marchesi et al. 2016; Luo et al. 2017;
Kocevski et al. 2018). Except for two X-ray-detected
LRDs reported by Kocevski et al. (2024), no other
LRDs were identified in these X-ray observations. One
of the two X-ray—detected LRDs is at z = 4.66 and
was only marginally detected, with a column density
of N 2 10% cm~2, indicating a moderately obscured
AGN. Another X-ray LRD is best fitted with column
density Ny ~ 10?2 cm™2. Both measurements agree
with the E(B — V') /Ny ratio reported by Maiolino et al.
(2001) (Kocevski et al. 2024).

In comparison, 13 out of 44 BHDs have been observed
by Chandra and XMM-Newton, and five are detected
with exposure times > 10 ks (Stern et al. 2014; Vito et al.
2018; Assef et al. 2016; 2020). Additionally, one BHD is
identified in the eROSITA all-sky survey (Merloni et al.
2024) with a detection likelihood > 6. The gas column
density of these sources consistently exceeds 1023 cm ™2,
confirming the presence of heavily obscured AGNs at
their centers.

Compared to BHDs, the non-detection in stacked X-
ray images of LRDs provides a stringent constraint (Yue
et al. 2024; Ananna et al. 2024), which may reflect
a combination of factors, including heavy obscuration,
softer X-ray spectra associated with high Eddington ra-
tios, and/or intrinsic X-ray weakness possibly due to a
quenched corona (Luo et al. 2013). Theoretical mod-
els further support the plausibility of super-Eddington
accretion in LRDs (Inayoshi & Maiolino 2024; Madau
2025; Pacucci & Narayan 2024). Combined with their
near-infrared SEDs, LRDs are unlikely to resemble
BHD-like sources, which are speculated to result from
major mergers, being nearly completely obscured and
undergoing super-Eddington accretion. We note, how-
ever, that differences in X-ray exposure depths and the
rest-frame energies probed at different redshifts between
LRDs and BHDs may affect this comparison. Maiolino
et al. (2024) also mentioned that misclassifications of
non-AGN sources, including supernovae or extreme star-
forming galaxies, cannot be entirely excluded.

The unexpectedly high number density of AGN-
powered LRDs raises an intriguing puzzle about how
did these black holes (~ 10°=% M) form and grow
within the first billion years of the universe. To re-
late the density of LRDs with the observed black hole
density at lower redshifts, these abundant SMBHs in

LRDs are thought to be rapidly spinning and have ra-
diative efficiencies > 0.1, sustained by prolonged, orderly
mass accretion rather than chaotic accretion (Inayoshi
& Tchikawa 2024). In addition, large black hole seeds,
high Eddington accretion rates, and high merger rates
may be other explanations. The latter is supported by
the large fraction of broad line LRDs showing nearby
companions (Matthee et al. 2024; Lin et al. 2024). For
comparison, Hot DOGs are potentially suffering chaotic
accretion after merger events (Tsai et al. 2015; Jun et al.
2020). Hot DOGs at higher redshifts (z 2 3) typically
host SMBHs with masses Mgy ~ 10°Mg (Tsai et al.
2015; Li et al. 2024). These SMBHs require massive
black hole seeds, super-Eddington accretion for at least
> 25% of their growth time, and low radiative efficien-
cies, possibly due to low BH spin (Tsai et al. 2015). The
distinct properties between LRDs and BHDs may sug-
gest divergent black hole accretion pathways in the early
Universe.

5. CONCLUSIONS

Motivated by the similarity in their observed prop-
erties, particularly the “V-shape” feature in SEDs and
thus the possible similarity in their galaxy components,
we explored the potential connections of the excess blue
light between the rare Blue Hot DOGs (BHDs) sample
and the newly discovered Little Red Dots (LRDs).

However, LRDs exhibit only faint emission beyond
rest-frame NIR, whereas in BHDs the bolometric lumi-
nosity is dominated by emission at wavelengths longer
than rest-frame 1 pm. This indicates that their SEDs
are fundamentally different.

BHDs are best fitted with a heavily obscured AGN
component (Ay ~ 20-60 mag) with slight (~ 1%) UV
light leakage from the AGN. In contrast, the “V-shape”
in LRDs appears at shorter wavelengths due to their
lower dust attenuation (Ay ~ 2.6 mag). Polarimetric
observations indicate that UV excess in the BHDs is
likely scattered light from an unreddened AGN, which
is unlikely to occur in LRDs, given LRDs have a similar
fraction of scattered light but much lower dust attenua-
tion compared to BHDs.

BHDs have a higher X-ray detection rate compared to
LRDs. As BHDs represent a transitional phase in which
light from the accretion disk begins to leak through
a previously fully obscuring torus, the rarity of mid-
infrared bumps and the low X-ray detection rates in
LRDs suggest that they may lack the heating mecha-
nism associated with Eddington-limit accreting BHD-
like AGNs in the post-merger phase.
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