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ABSTRACT

JWST surveys have identified a new class of active galactic nuclei (AGN) called little red dots (LRDs). Their
observational properties challenge the canonical AGN paradigm and provide key insights into the early growth
phase of the supermassive black holes (SMBHs). We report Subaru/PFS spectroscopic follow-up of a radio-
loud quasar at z = 1.715 from the UNVEIL radio AGN catalog and with X-ray detections. The spectrum
displays broad C m]11909 and Mg 112800 emission lines with FWHM 3 3400 km s~!, accompanied by narrow
absorption features. The spectrum reveals a characteristic A-shape over the rest-frame wavelength ranging
~ 1500-3500 A. The underlying continuum cannot be reproduced by simply applying dust extinction to typical
unobscured quasars. Alternatively, it is well described by a blackbody spectrum with a temperature of 7 =
10000 K. This result agrees well with its UV to MIR photometry, which can be well modeled by three blackbody
components representing the BH envelope (T =~ 9700 K), dust torus (7' = 1500 K), and host galaxy dust
(T ~ 80 K). The source is marginally detected in the GALEX NUYV, revealing a potential V-shaped spectral
energy distribution around 1400 A, reminiscent of the spectral feature reported for LRDs whose V-shapes occur
around 3000-4000 A. This wavelength shift is broadly consistent with the temperature contrast between our
blackbody component (7 ~ 10* K) and the lower effective temperature of 7 ~ 5000 K expected for the BH
envelope of LRDs. These properties suggest that this source might be caught in an evolutionary phase in which
the dense gas envelope characteristic of LRD has begun to fragment, allowing us to witness the emergence of a
quasar from an LRD-like state.
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1. INTRODUCTION

One of the fundamental questions on supermassive black
holes (SMBHs) is how they have grown up their masses from
the first BH formation in the early Universe into the current
values (e.g., Inayoshi et al. 2020). Recently, the James Webb
Space Telescope (JWST) has opened a new window into
high-redshift extragalactic astronomy, and one of its most im-
portant discoveries is a new population of active galactic nu-
clei (AGNSs) known as little red dots (LRDs; Kocevski et al.
2023; Matthee et al. 2024). LRDs are ubiquitously found at
z > 4 and they are characterized by the “V”-shaped rest-UV
to optical spectral energy distribution (SED). They exhibit
compact morphologies with red optical continua and broad
Balmer emission lines (> 80%; Kocevski et al. 2025; Hvid-
ing et al. 2026), frequently accompanied by narrow absorp-
tion features (> 30%; JuodZzbalis et al. 2024; Lin et al. 2024).
However, most LRDs differ from typical type-1 AGNs in
several respects, including the scarcity of UV/optical vari-
ability (Kokubo & Harikane 2025; Zhang et al. 2025a,b), the
absence of strong X-ray emission (Ananna et al. 2024; Yue
et al. 2024), and the weakness or even deficit of mid-infrared
(MIR) emission from AGN-heated dust (e.g., Williams et al.
2024; Setton et al. 2025). Considering the overall energy
budget, these findings suggest that the red optical SED is
likely intrinsic rather than primarily driven by dust redden-
ing (Li et al. 2025; Chen et al. 2025a).

A recent compilation of studies supports a scenario in
which the central SMBHs of LRDs are enshrouded by
Compton-thick dense gas with column densities of Ny >
10* cm™2. Such a configuration naturally gives rise to a
“stellar-like” blackbody spectrum with temperatures of T ~
5000-7000 K. This temperature range readily accounts for
the observed red rest-frame optical continua, while the opti-
cally thick gas can produce a Balmer break through absorp-
tion by collisionally excited hydrogen atoms populating the
n = 2 level (Inayoshi & Maiolino 2025; Ji et al. 2025). Such
an envelope may arise from a direct-collapse BH retaining a
remnant envelope (Kido et al. 2025) or in a quasi-star envi-
ronment for BHs forming through core collapse (Begelman
& Dexter 2026). These gas-rich configurations can naturally
suppress X-ray emission and potentially even radio emission,
although super-Eddington accretion has also been proposed
as a mechanism to account for the observed X-ray weakness
(Inayoshi et al. 2025).

Another notable property of LRDs is their pronounced cos-
mic evolution in number density. Although LRDs are ubiqui-
tously abundant at z > 5, reaching ~ 10™* Mpc~ with a pos-
sible peak around z ~ 7 (Tanaka et al. 2025), recent JWST
and wide-area ground-based surveys, such as Subaru/HSC,

indicate a sharp decline in their number density at z < 4 (Ma
et al. 2025a). Inayoshi (2025) proposed that LRDs represent
a stochastic phase associated with the early growth of BHs,
thus naturally reproducing the observed decline in their num-
ber density at z < 4. Interestingly, (Ma et al. 2025b) also pre-
dicted a sharp luminosity cutoff in the LRD luminosity func-
tion at Ly, ~ 10 erg s™'. Assuming Eddington-limited ac-
cretion, this luminosity corresponds to My < 107 My, con-
sistent with expectations from the gas-envelope model. This
mass limit is also consistent with the maximum black hole
mass expected from growth over a Salpeter timescale, which
is comparable to the inferred LRD lifetime of ~ 3 x 107 yr
(Kido et al. 2025). This agreement suggests that the LRD
phase may correspond to the initial episode of BH growth in
the early Universe, particularly at z > 4.

In this framework, LRDs are characterized by gas-
enshrouded accretion with a lifetime of ~ 107 yr. After a
such enshrouded phase, the envelope should begin to disperse
once the SMBH accretion rate exceeds the gas inflow rate
from the host galaxy (Kido et al. 2025). In this stage, inflow
from the interstellar medium (ISM) is hindered by radiation
from the envelope, and the photospheric temperature rises to
~ 10* K (Hosokawa et al. 2012, 2013). This hotter-envelope
phase may represent the final stage of the LRD episode, pre-
ceding the transition to an unobscured quasar. As the gas en-
velope disperses, the central engine becomes progressively
exposed, allowing previously suppressed X-ray and possi-
bly radio emission to emerge. Recently, two studies have
reported LRDs, with detections of X-ray and/or radio emis-
sions, in a possible transient phase, while both studies still
have an expected envelope temperature of 7 = 5000-7000 K
(Fu et al. 2025; Hviding et al. 2026).

In this Letter, we report a serendipitous discovery of Black-
body Quasar and Radio Source (hereafter BBQSORS), a
radio and X-ray luminous AGN with merger feature at a
spectroscopic redshift of zcypr = 1.715, which is based on
the peak wavelength of CIIIJ11909 emission line. BBQ-
SORS was originally selected as a radio bright quasar can-
didate by Very Large Array Sky Survey (VLASS) at 3 GHz
(Lacy et al. 2020; Zhong et al. 2025). BBQSORS exhibits
a blackbody-like UV-to-optical spectrum with T ~ 10* K,
which is approximately a factor of two higher than the ef-
fective temperatures predicted for the SMBH envelopes pro-
posed for LRDs. The spectrum is also associated with the
broad Mg 112800 emission with a narrow absorber reaching
to the continuum level. BBQSORS also shows a V-shaped
SED with a break wavelength around 4 = 1200 A, which
is two times shorter than usual turning wavelength (1 =
3000—4000 A) of LRD-like V-shape. We discuss the origin
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Figure 1. Overview of observations for the blackbody radio-loud quasar BBQSORS. Top: Optical images collected from Subaru HSC-SSP,
IR images collected from Spitzer, and VLASS radio images at 3 GHz observed at Epoch 2 and 3. The false-color image is rendered using HSC
g + r + z, overlaid with the white contours representing the VLASS Epoch 2 imaging. The blue circle represents the PFS fiber with a diameter
of 1702. Middle: Subaru/PFS spectrum of BBQSORS and fitted using S*Fit. Bottom: Zoom-in of the Subaru/PFS spectrum C m]11909 and
Mg 12800, as well as best-fits to the underlying continuum and emission/absorption, without incorporating the Fe i template. The spectra are
Gaussian-smoothed by every 9 data points. For absorptions of Al mA41855, 1863 and Mgui12796, 2803, we show their centers and FWHMs
in the corresponding panels.
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of the spectral features of BBQSORS and propose that BBQ-
SORS might be in a transient phase of the LRD-like cocoon
to an unobscured quasar. We adopt the following cosmologi-
cal parameters throughout this paper: Hy = 68 kms~! Mpc™!,
Qv = 031, and Q = 0.69 (Planck Collaboration et al.

2020).

2. MULTIWAVELENGTH PROPERTIES, SUBARU/PFS
SPECTROSCOPY, AND RESULTS

2.1. Morphology

We show cutouts of BBQSORS in key wavelength bands in
the top panel of Figure 1. Subaru/HSC cutouts (Aihara et al.
2018) reveal that there are two sources separated by ~ 0”7
(corresponding to ~ 6 kpc). The source in the top left rep-
resents BBQSORS and it coincides precisely with the cen-
troid of 3 GHz radio emission observed by VLASS in Epochs
2 and 3. Because of the small separation between the two
sources and the fact that the brightness of BBQSORS clearly
dominates the system, the entire system has been treated as
a single quasar, with a centroid offset from BBQSORS by
approximately 072.

We performed aperture photometry on HSC cutouts for
BBQSORS and its adjacent source by putting apertures on
their centroids with a diameter of 0.5” and found that their
photometry shows similar trends from g to z. As also sup-
ported by the similar colors in the HSC false-color image,
this likely rules out the possibility that these two sources are
located at very different redshifts. Therefore, throughout this
letter, we treat BBQSORS as a radio quasar that resides in a
galaxy merger.

2.2. Subaru/PFS Spectroscopy and Spectral Fitting

The Subaru/Onohi‘ula Prime Focus Spectrograph (here-
after, PFS) UV-optical (Tamura et al. 2024) Spectroscopy for
BBQSORS was obtained as a part of the community filler
program (S25A0043QF PI: T. Nagao), which aims to re-
observe already known quasars, of the Subaru/PFS Open Use
program (Tanaka et al. in prep.). BBQSORS was included in
the sample due to its classification as a quasar in Sloan Digi-
tal Sky Survey (Hall et al. 2002), and it was further identified
to be radio-loud (Lsgp, > 10%¢ W Hz™') in the UNIONS-
VLASS radio AGN catalog (Zhong et al. 2025; Gwyn et al.
2025). The centroid of the PFS fiber is based on the centroid
of SDSS imaging and thus has an offset of ~ ("2 from BBQ-
SORS and of ~ (/6 from the companion galaxy. Since PFS
has a core fiber diameter of 1”702 (Tamura et al. 2024) and the
typical seeing of PFS observations is < 1 arcsec, significant
contamination of the nearby source is unlikely (see §2.4 for
more information).

The PFS spectrum covers the observed wavelength of
3800 A < A < 12600 A with three separate spectrograph
modules in the blue (3800-6500 A), red (6300-9700 A),

and near-infrared (NIR; 9400-12600 A) arms simultaneously
with a spectral resolution of R ~ 3000. Data reduction was
followed by a standard procedure of the PFS data reduction
pipeline (M. Tanaka et al. in prep.). Currently, the PFS
pipeline suffers from issues in flux calibration and sky sub-
traction in the red arm, resulting in negative flux values. We
therefore restrict our analysis to wavelengths below 9900 A

The PFS spectrum (solid gray line) is shown in the mid-
dle panel of Figure 1 along with its best-fits using S3Fit
(Chen 2025), and the fitting results are summarized in Ta-
ble 1. This spectrum exhibits three distinct features. First,
the spectrum shows broad emission lines in C1]11909 and
Mg 2800 with FWHM > 4000 km s~! (bottom panel of
Figure 1), without considering the strong Feu emission
around MgnA2800. There also exist narrow absorbers as-
sociated with the MglI emission line with centers of 7576 A
and 7597 A, respectively. The rest-frame separation between
these two absorptions is about 7.4 A considering z = 1.715,
consistent with that of the Mgni12796, 2803 doublet. For
AlmAA1855, 1863, the rest-frame separation is 8.1 A. The
Mg 11112796, 2803 absorptions have velocity shifts of vgpir =
—1886 km s~! and vz = —1060 km s~' with respect to
Mg 1142800, respectively, in accordance with the outflow sce-
nario. These results also suggest that the underlying con-
tinuum is unlikely to originate from the host galaxy stellar
emissions.

The second feature is a clear A-shaped continuum, which
is also present in the SDSS and DESI spectra of BBQSORS,
indicating that it is robust and independent of the data re-
duction. This strongly curved spectrum is hard to reproduce
the known blue spectral shape of unobscured quasars even if
considering a de-reddening by an extremely high dust extinc-
tion (Richards et al. 2006; see §3.1 for further discussion). If
the UV continuum is interpreted as that of a typical unob-
scured quasar, modeled with a single power law (PL) repre-
senting the accretion disk plus Balmer continuum, the best fit
from S3Fit indicates that the continuum is dominated by the
Balmer continuum, while the intrinsic accretion disk lumi-
nosity at 3000 A is only ~ 10°2 erg s™!. These results render
such a model physically unrealistic. Alternatively, given that
the Balmer continuum is often approximated in a blackbody
form, the spectrum can be best described by a simple black-
body spectrum with a temperature of 7 = 10002+550 K with
a low-level dust extinction of Ay = 0.09 + 22, as highlighted
by the blue shaded region in the middle panel of Figure 1,
which agrees well with the observed photometry (see §2.4).

Strong Fen continuum emission (shown by the golden
solid lines in the middle panel of Figure 1), particularly
around ~ 2800 A and on the blue side of Mg 142800, con-
stitutes the third prominent spectral feature. Such a pow-
erful Fen emission may originate from collisional excita-
tion attributed to low-ionization quasar outflows (Wang et al.
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Table 1. Summary of the fitting results and physical properties

Table 2. Summary of the photometries

BBQSORS (zcmp = 1.715%) Band Flux® [uJy]  Error [uJy]  Ref.
RA = 214.79836, Dec = 52.09600" GALEX NUV 0.428 0.043 1
PFS CFHT/MegaCam u 1.361 0.147 2
Tenv.PES 10002 + 550 K CFHT/MegaCam r 23.828 0.116 2
Leny pFs (3.7+1.2)x 10%¥ erg s7! SDSS g 4.835 0.481 3
Ay 0.09 £0.22 SDSS r 20.324 0.830 3
FWHM (BLR) 3356 + 86 km 5! SDSS i 41.153 1.365 3
F(Cm]A1909) (15.3 +0.8) x 1077 erg/s/cm? SDSS z 57.863 5.329 3
F(Mg142800) (51.6 +3.3) x 1077 erg/s/cm? PAN-STARRS g 7.688 0.805 4
Tenv.ph 9742382 K PAN-STARRS r 18.885 0.704 4
Lot (93+0.7) x 10° erg 5! PAN-STARRS i 37.225 0.246 2
Troms 1517i}:% K PAN-STARRS 7 41.679 1.839 4
Lo (5.7 +02) x 10° erg 5! PAN-STARRS y 52.048 3.054 4
Tust 8212 K HSC g 6.243 0.600 this work
Lx 27704 x 10% erg s~ HSCr 22.789 1.146 this work
My e Mgy = 2.5793 x 10° M, HSC i 42.672 1.568 this work
/lli:dd,MgIl Apag = 0.28:1):38 HSC ¢ 57.450 1.822 this work
HSCy 64.823 1.952 this work
Notes. “z = 1.720 based on the broad Mgm12800. ’Centroid WFCAM J 92.897 11.979 5
of BBQSORS. Centroids of PFS and the companion are RA = WFCAM H 90.365 18.310 5
214.798335, Dec = 52.095943, and RA = 214.79823, Dec = WFCAM K 100.925 16.732 5
52.09579, respectively. “We use FWHM(MgII) = 3356 km s™! cor- WISE 3.4 um 155.946 1.905 6
rected for Fen. Leny prs fmd de.—reddened Loiooprs With Ay = 0.09 WISE 4.6 um 211.453 3.956 6
are adopted as conservative estimates.
WISE 12 ym 436.418 84.813 6
Spitzer IRAC 3.6 um  132.94 0.204 7
2016), supported by the Mg 12796, 2803 absorption dou- Spitzer IRAC 4.5 um  207.16 0.335 7
blet. It is fitted adopting the Fe i1 template of the narrow line Spitzer IRAC 5.8 um  302.89 1.552 7
Seyfert-1 galaxy, | Z\y 1, which are combined from the works Spitzer IRAC 8.0 um  462.83 2927 7
of Vestergaflrd & Wilkes (2001), Véron-Cetty et al. (2004), Spitzer MIPS 24 um 1298 x 10°  0.130 x 10° 7
and Tsuzuki et al. (2006)_;1 th.ese tem[.)lat.es ?re all convolved VLA 3 GHz 7005%10° 0295x 10° 8
to FWHM of 1100 km s7, i.e., the intrinsic FWHM of the VLA 14 GHz 1452 x 10 1452 x 10° 8

employed combined template. Recently, thanks to higher
resolution spectroscopy by JWST/NIRSpec, several LRDs
(A2744-45924, Labbe et al. 2024; CAPERS-LRD-z9, Tay-
lor et al. 2025) are now known to show Femn lines in UV
range (notably, 2000—360010%; Labbe et al. 2024; Taylor et al.
2025), but optical Fe 11 lines are weak, mainly due to the low
metallicity in the BLR (Kocevski et al. 2023; Trefoloni et al.
2025). This suggests that, at least for BBQSORS, it has abun-
dant Fe 11 in the expected BLR, indicating that the metallicity
is expected to be relatively higher than the currently known
LRDs at z > 3.

2.3. XMM-Newton X-ray Analysis

The target was observed with XMM-Newton, which car-
ries three European Photon Imaging Cameras (EPICs), on
2016 January 23 (ObsID 0765080801) and 27 (ObsID
0765080901) for exposures of 20 ks and 14 ks, respectively.
We processed the data from the two EPIC/MOS cameras and
the EPIC/pn camera using the XMM-Newton Science Anal-

“ The UV-to-IR photometric data are calculated for BBQSORS plus
its adjacent source.
References: (1) Vanden Berk et al. (2020); (2) Gwyn et al. (2025);
(3) Ahumada et al. (2020); (4) Magnier et al. (2020); (5) Schneider
et al. (2025); (6) Cutri et al. (2021); (7) IRSA & SSC (2020); (8)
Zhong et al. (2025).

ysis System (SAS; Gabriel et al. 2004) v21.0.0. The raw data
were processed with the EMPROC and EPPROC scripts, and
good events were selected with PATTERN < 12 for MOS and
PATTERN < 4 for pn. Events during background flares were
removed using thresholds of 0.15 counts s~! in the >10 keV
band for MOS and 0.3 counts s~! in the 10-12 keV band
for pn. Source spectra were extracted from a circular region
with a radius of 20”, and background spectra from a nearby
region with a radius of 40”. Ancillary response files and re-
sponse matrix files were generated with ARFGEN and RM-
FGEN, respectively. However, only the pn data from January
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27 were usable, as the other observations were affected by
high background flares and did not show significant source
detection. In the left panel of Figure 2, we present a 0.4—
7.2 keV (rest-frame ~1-20 keV) pn image, where the source
is detected at a significance of 3.420. The 4XMM catalog
(DR9-13; Webb et al. 2020) reports a consistent ~30 detec-
tion in the 0.5-4.5 keV band, with no nearby X-ray sources
within a 120" region.

We simultaneously fitted the source and background spec-
tra using the C-statistic. Galactic absorption was fixed at a
hydrogen column density of Ny = 1.03 x 10%° cm=2 (Will-
ingale et al. 2013). The source emission was modeled as
an absorbed PL (zTBabs*zpo in the XSPEC terminology)
with the photon index fixed at ' = 1.8. The background
model included Galactic halo emission with a temperature of
~0.25 keV and 0.2 solar metallicity, the cosmic X-ray back-
ground (absorbed PL with I' = 1.46), the non—X-ray back-
ground (PL with I' = 0.24), and an instrumental Ar Ko line
at 1.487 keV (Leccardi & Molendi 2008; Cova et al. 2019).
Owing to limited photon statistics, only the normalizations
of the background components were allowed to vary.

The model adequately reproduces the spectra with
AC/d.o.f. = 34.24/35 (see the right panel of Figure 2). The
observed 0.5-7 keV flux is Fys-7kev = (2.16 £ 0.69) X
10~ erg s™! cm™2. The best-fit parameters constrain the col-
umn density to Ny = 1.751%0 x 10*! cm™ and the intrinsic
2-10 keV luminosity to Lx = 2.7*)5 x 10* erg s™'. Adopt-
ing I' = 2.2 yields a mildly higher obscuration, Ny ~ 1 X
10?* cm™2, while the luminosity remains nearly unchanged.
These results indicate that BBQSORS hosts a luminous
quasar with a very mild obscuration of Ny ~ 10?1722 cm™2,

2.4. UV to MIR Photometry

Multiwavelength photometry has been compiled from UV
to MIR (up to 24 um), as well as from the radio (1.4 GHz
and 3 GHz) and X-ray bands, which are summarized in Ta-
ble 2. Because of the small separation (07) between BBQ-
SORS and its adjacent source, the recorded photometric data
treat the two sources as an entity. Although HSC resolves the
system into separate components, we performed forced pho-
tometry centered on the PFS fiber position using an aperture
diameter of 2”4 to enable a consistent comparison with the
archived data, and the resulting measurements are listed in
Table 2. Alternatively, placing the aperture on the centroid
of BBQSORS results in fractional differences of as large as
~ 6% across the g to y bands. We also performed a test by
placing photometric apertures at the centroids of BBQSORS
and the adjacent galaxy, respectively, adopting aperture radii
ranging from 0”05 to 0”4, given their separation of ~ 0.7.
The flux density ratio of BBQSORS to the galaxy reaches
a maximum value of ~ 3 at 0’1 and remains above 2 up to
0”4. Therefore, significant contamination from the adjacent
galaxy is unlikely. Nevertheless, to conservatively account
for any residual contribution from the neighboring source,
we adopted a uniform 20% uncertainty on the observed flux
densities in the SED fitting. We also incorporated a dust ex-
tinction curve in the PL form with Ay = 0.31 based on the
upper limit of the best-fit of the PFS spectrum.

Figure 3 shows the obtained UV to MIR SED and the best-
fit. Similarly to the PFS spectrum that can be fitted with a sin-
gle blackbody spectrum of Tepy prs & 10000 K, the rest-frame
UV-optical photometry ranging 0.1-0.8 um can also be de-

scribed by a blackbody component of Tepypn = 9742%352 K
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PL continuum intersects with the blackbody component originating from the accretion disk/LRD envelope, reproducing the LRD-like V-shape.

representing an optically thick gaseous structure surrounding
the SMBH, i.e, the SMBH envelope. The IR continuum up
to about 5 um can be naturally reproduced by involving an
AGN dust torus of Tios & 1500 K. The increase in the flux
density at Aops = 24 um can be explained by introducing the
galactic dust. Lacking IR observation at longer wavelengths,
the galactic dust temperature is left poorly constrained to be
Tdust ~ 80 K.

The SED of BBQSORS has an excess at A5 = 850 A.
This flux density is marginally above the detection limit of
GALEXNUYV (25.1 AB mag; Vanden Berk et al. 2020). This
excess cannot be explained by a single blackbody component
in the UV regime. We then assumed a UV continuum in the
PL form adopting a spectral slope of 5, = —2 (defined as
F; oc AP) that is commonly observed for LRDs (Kocevski
et al. 2023), which is consistent with the non-detection in the
GALEX FUYV band (24.0 AB mag; Vanden Berk et al. 2020).
This UV PL component is incorporated into the SED fitting
with Ay = 0.31. The resulting dust-extincted UV PL inter-
sects with a blackbody component of Ty prs = 9700 K, pro-
duces an LRD-like V-shaped feature around Ay,s = 1400 A.
The optical-to-IR continua of LRDs are often modeled us-
ing the modified blackbody (MBB) model that depends on a
PL slope Buvpp (de Graaff et al. 2025). Assuming an LRD-
like blackbody component with 7 = 5000 K and Bypg = 0
(de Graaff et al. 2025), with the amplitude scaled according
to L o« T*, we find that this model reproduces the charac-
teristic LRD V-shaped feature at a rest-frame wavelength of

Arest = 3400 A (purple solid and dotted lines in Figure 3).
Given the marginal detection of NUV and the potential con-
tamination from the companion galaxy, the robustness and
origin of this UV excess remain unclear, and future observa-
tions are required to constrain the emission origins.

3. DISCUSSION
3.1. Is BBOSORS red quasar or a different population?

Based on the large spectroscopic survey of SDSS, a sub-
set of quasars was identified because of their extreme red
color in the UV continuum, which exhibits a clear curvature
and cannot be well explained by a PL continuum (Richards
et al. 2003). This population is commonly referred to as
red quasars (hereafter rQSOs), the majority of which are
reddened by intervening dust (Richards et al. 2003; Hop-
kins et al. 2004; Klindt et al. 2019). The levels of dust ex-
tinction range from up to Ay = 0.7 for those at z ~ 1.5
(Fawcett et al. 2022) to E(B—V) = 1.5 for the extremely dust-
reddened populations (Urrutia et al. 2009). Additionally, rQ-
SOs have a high incidence in moderate radio luminosity of
Liacuz ~ 102°277W Hz! (Klindt et al. 2019; Rosario et al.
2021).

BBQSORS has a 1.4 GHz spectral luminosity of L; 4gu; ~
2% 10% W Hz™!. It exhibits an exceptionally steep UV spec-
tral slope across 1000-2000 A in both spectroscopic and pho-
tometric data (g — i > 2). This is clearly demonstrated by the
comparison between BBQSORS and the median spectrum of
normal quasars shown in Figures 4 and 6. These properties
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Figure 4. Upper: Comparison of the spectrum for BBQSORS
with the median spectra of typical blue quasars (cQSOs) and of red
quasars (rQSOs) suffering moderate dust reddening (Fawcett et al.
2022), where all spectra are normalized at 4000 A. We de-redden
the PFS spectrum assuming a PL dust extinction curve with Ay =
0.7 and Ay = 1.2. Although the de-reddened PFS spectrum have
similar spectral shapes with cQSOs and rQSOs from about 2200 A
to 4000 A, there are large discrepancies at the blue end. Lower:
Comparison of PFS, SDSS, and DESI spectra for BBQSORS, where
all are normalized at 3000 A.

are in line with the characteristics of rQSOs. We therefore
compare the PFS, SDSS, and DESI spectra of BBQSORS
with the median spectra of typical blue quasars (cQSOs) and
of red quasars (rQSOs) that are moderately dust-reddened
(Fawcett et al. 2022) by normalizing all spectra to 4000 A.
We de-redden the PFS spectrum assuming a dust-extinction
curve in the PL form. At ~ 2200—4000 A, the de-reddened
PFS spectrum agrees well with rQSOs assuming Ay = 0.7
and shows good consistency with cQSOs assuming Ay = 1.2.
However, at shorter wavelengths (At < 2000 10\), there ex-
ist large discrepancies between the de-reddened PFS spectra
and cQSOs and rQSOs. Adopting an SMC-like dust extinc-
tion curve instead yields the same result and even requires
Ay = 2.7. These large discrepancies come from the highly
curved spectral feature of BBQSORS, which is robust for its
existence in PFS, SDSS, and DESI. If normalizing the spec-
tra at 3000 10\, larger Ay is required for all extinction curves
while the discrepancies at the blue end remain. In conclu-
sion, the blackbody quasar BBQSORS mimics rQSOs rather
than being the exact same population, although it may repre-
sent the progenitors of rQSOs, depending on the evolution of
the structures surrounding the SMBH.

3.2. BBOSORS as a transitioning LRD candidate
3.2.1. What does T = 10* K indicate in the context of LRDs?

X-ray leaks from Jets
A optically thin channel
10°F
‘4 . Disk
Merger
& £ ,4.
108 Quasars I
— BBQSORS
9
=0k
=
4
.n.>k Path I. BBQSORSs as the final evolution stage of
106k high-z LRDs
Little Red Dots
10°F
L L L L L 1 1 1 >
7 6 5 4 3 2 1 0o

Redshift

Figure 5. The evolution path of high-z LRDs to low-z BBQSORS.

Recent theoretical studies suggest that the red color in
the optical of LRDs can be maintained by a massive, opti-
cally thick gaseous envelope that surrounds the central ac-
creting black hole and reprocesses the intrinsic emission into
a cool optical-NIR SED (Inayoshi & Ho 2025). In particu-
lar, Kido et al. (2025) demonstrated that such an envelope can
gravitationally confine radiation-driven outflows launched by
super-Eddington accretion, allowing the system to radiate
near the Eddington limit while sustaining an extended ef-
fective photosphere with temperatures close to the Hayashi
limit, Teg ~ (5-7) x 10° K. In this regime, the envelope ef-
ficiently absorbs and re-emits the central radiation, suppress-
ing strong feedback, and enabling gas to continuously infall
from the surrounding ISM.

As the central black hole grows, however, the accretion rate
required to sustain near-Eddington luminosities increases in
proportion to the black hole mass, whereas the ISM inflow
rate feeding the envelope may remain approximately con-
stant. Once the mass supply becomes insufficient to replenish
the envelope losses, the envelope mass gradually declines and
the structure becomes patchy, leading to a covering factor be-
low unity (Hviding et al. 2026). The X-ray source may there-
fore become visible through optically thin channels, while
radio jets may drill through the envelope and further enhance
the detectability of the X-ray emission. Kido et al. (2025)
further showed that a photosphere can emerge either within
the SMBH envelope or in the infalling material. When the
effective photospheric temperature approaches 7 ~ 10* K,
corresponding to the onset of hydrogen ionization, the en-
velope structure becomes unstable due to the rapid increase
in thermal pressure and enhanced radiation—matter coupling.
At this stage, gravitational confinement weakens, allowing
radiation-pressure—driven outflows to escape and ultimately
leading to rapid dispersal of the envelope.
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are indicated by dashed and dotted lines. We also supplement the median spectrum of normal quasars (Richards et al. 2006) for comparison.

This transition near T ~ 10* K therefore marks a crit-
ical evolutionary phase, in which the system shifts from
an envelope-dominated, reprocessed state to a feedback-
dominated phase characterized by strong mass loss and par-
tial exposure of the central engine. In this picture, LRDs with
cool blackbody-like SEDs trace an early, bloated-envelope
phase, while sources exhibiting higher effective temperatures
and emerging X-ray or radio emission represent a short-lived
blown-out phase preceding the emergence of an unobscured
quasar.

We speculate on the evolution path of the blackbody quasar
BBQSORS in Figure 5. In the first scenario, the central
SMBHs of LRDs continuously gain their masses, and once
the SMBH exceeds a certain threshold such that the SMBH
envelope can no longer sustain a steady state, we are witness-
ing the final evolution stage of LRDs. In the second scenario,
LRDs have already evolved beyond the envelope-enshrouded
phase, becoming high-z quasars or AGNs. Their SMBHs
remain at relatively low accretion rates. Then, at a certain
time, they encounter a nearby galaxy and start galaxy merg-
ing/interactions. The intense gas inflow accompanied by
these events leads to a massive accretion onto the SMBH. If
the inflowing material is beyond the capability of the SMBH
to consume, as a result, an optically thick gas envelope forms,
pushing the system into an LRD-like state. This second

scenario may also provide an explanation for the LRD-like
source at z =~ 0.4 that also resides in a merger (Chen et al.
2025b). These descriptions remain qualitative, as quantita-
tive analysis is uncertain due to the limitations of the current
observations. Follow-up observations of BBQSORS, as well
as studies of larger samples, will be required to test these
scenarios.

3.2.2. Comparison with transition-LRD candidates

A few objects have been argued to be LRDs in transi-
tions, including the X-ray Dot (Hviding et al. 2026, XRD;)
at z = 3.28 and two unusual LRDs at z = 2.9 (Fu et al. 2025,
hereafter Forge I and II). We here compare BBQSORS as
a transition source bridging LRDs and normal quasars with
these objects. Their photometric data are shown in Figure 6
by solid lines with markers, overlaid with dashed lines indi-
cating the SED fitting with blackbody components of differ-
ent effective temperatures and modified by dust extinction.
We also compare these candidates of the transitioning LRD
with the stacked LRD photometry at z = 6 (Akins et al.
2025).

In the scenario where LRDs are AGNs whose SMBHs
are enshrouded by dense gas envelopes, their stacked pho-
tometry can be reproduced by a blackbody component of
Tesr = 4500 K without visual extinction or of Teg = 7000 K
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Figure 7. 'We compare the blackbody temperature Tgg and luminosity Lgg, the rest-frame wavelength Ay at which the V-shaped feature
emerges, and the Ha luminosity of BBQSORS with those of LRDs at z < 4.5 from de Graaff et al. (2025) and the XRD from Hviding et al.
(2026). The solid line in Ay—Tgp indicates the Balmer limit. In the middle panel, we derive the Lgg—Tgp relation (solid line) adopting a fiducial
LRD-like photosphere radius (Inayoshi & Ho 2025) and shift it by +1 dex (dashed lines). In the Ly,—Lgp plane, we show the 1 : 1 relation

(dashed line) between the two and shift it by —1.2 dex (solid line).

and reddened by Ay = 2 (Kido et al. 2025). The absence
of an AGN dust torus, or that the dust torus has just started
to form, leads to the overall non-detection of radiation from
LRDs in the MIR regime. For XRD and Forge sources, their
optical-—NIR continua can be modeled with a single black-
body component at temperatures of Teg ~ (5-6) x 10° K
as well. In the MIR regime, the absence of dedicated MIR
observations prevents a firm assessment of whether a dust
torus is present in the XRD. Notably, however, the 1-6 ym
photometry of Forge sources exhibits strong similarities to
BBQSORS and can be well reproduced by a blackbody com-
ponent with 7 ~ 1200 K, suggestive of the emergence of a
dust torus (or alternatively 7' ~ 500 K; see Fu et al. 2025 for
further discussion). Hence, the XRD and Forges populations
are likely to represent an intermediate evolutionary phase as
the LRDs transition toward BBQSORS, accompanied by the
progressive development of a dust torus and the expansion of
the photosphere.

We estimated the SMBH mass of BBQSORS using the
broad MguA2800 emission line fitted by S3Fit, which has
been corrected for the strong Fe m emission. We adopted the

0.5
. - _ 1()6.79+0.55 FWHM(MgH>]2 ( me)
empirical relation Mgy = 10 [ 1000 g g s

(Vestergaard & Osmer 2009), where L, 404 is calculated
from the PFS spectrum considering Ay = 0.09, resulting
in Mgy = 2.5f?:§ x 108 M. The luminosity of the dust
torus is (5.7 + 0.2) x 10® ergs~!. For the envelope lu-
minosity, we take the best-fit value of the PFS spectrum,
which is Lepyprs = (3.7 £ 1.2) X 10% erg s71, as a conser-
vative estimate. Treating the AGN bolometric luminosity
as LagNpol ~ Lenv.prs + Liorus, the Eddington ratio of BBQ-
SORS is Agaa ~ 0.287;0¢. These properties are compara-
ble to those of Forge sources, although it should noted that
the mass estimate remains somewhat uncertain because the

UV radiation of BBQSORS originates from the SMBH en-
velope rather than from a standard thin disk. On the other
hand, the VLA-COSMOS deep 3 GHz radio observations of
the two Forge sources have flux densities about ~ 15 ulJy
and 84 uly, corresponding to Ligy, ~ 1 x 10* W Hz™! and
Ligu, ~ 6 x 102 W Hz™!, respectively, to be compared with
Ligu, ~ 5% 102 W Hz™!' of BBQSORS. Therefore, the po-
tential merger event of BBQSORS may trigger the outburst
of the radio jet (e.g. Zhong et al. 2024), facilitating the frag-
mentation of the SMBH envelope.

In Figure 7, we further compare the blackbody temper-
ature Tgp and luminosity Lgg of the SMBH envelope, the
rest-frame wavelength A of the V-shaped feature, and the
He luminosity of BBQSORS with corresponding quanti-
ties for LRDs at z < 4.5 (de Graaff et al. 2025) and the
XRD (Hviding et al. 2026). In the middle panel, we con-
sider an LRD-like photosphere with a fiducial radius deter-
,/Lph/47r0'SBT:Ff (Inayoshi & Ho 2025),
where osp is the Stefan-Boltzmann constant, assuming Ly =
1 x 10* erg s™!, and Ter = 5000 K. Fixing Ryh and assum-
ing Ly, ~ Lpprp, We plot the solid line indicating how Ly,
evolves with the effective temperature. The luminosity of
Ha of BBQSORS was estimated from the spectrophotome-
try of the Spectro-Photometer for the History of the Universe,
Epoch of Reionization, and Ices Explorer (SPHEREx) and
fitted by S3Fit (see Appendix A). Owing to the low spectral
resolution and noisy flux measurements, the Ha line has a
measured FWHM ~ 2100+1800 km s~!. This value is signif-
icantly lower than those of C 11909 and Mg 112800, po-
tentially leading to an underestimate of Ly,. Overall, BBQ-
SORS lies broadly consistent with the Lgg—Tsp and Ly,—Lpp
relations established for LRDs, supporting its identification
as a strong candidate for an evolved LRD.

mined by Ry, =
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Figure 8. We plot the simple blackbody spectrum with 7 = 10* K
at different redshifts, overlaid with stacked LRD photometry at
z = 6 and JWST NIRCAM filters whose transmissions are nor-
malized. High-z LRDs are selected according their V-shapes while
transitioning LRDs characterized by blackbody quasars exhibit the
A-shape.

3.3. Why LRD color-color selections do not find T ~ 10°K
blackbody sources?

Current LRD color—color selection criteria require four
photometric bands sampling the V-shaped feature, two bands
on the blue side and additional two bands on the red side,
while excluding a band at the V-shaped minimum, in order to
mitigate contamination from emission lines. In such a way,
the current JWST cannot choose the appropriate T ~ 10* K
sources because the bluest JWST/NIRCam band will cover
“bluer” the Lya break for those at z > 6. This makes the
color redder in the blue part and bluer in the red part. The
same situation happens if using F115W to F444W to cover
the blackbody spectrum, as shown in Figure 8. On the con-
trary of LRDs, this population of possible transitioning LRDs
could exhibit a red UV continuum of Syy =~ 1.5 and a blue
optical continuum of Bo, = —2. Resultantly, sources bridg-
ing LRDs and normal quasars have been overlooked.

4. CONCLUSION

In this Letter, we report Subaru/PFS observation of a radio-
loud quasar, BBQSORS, at zcyp = 1.715 and residing in a
potential galaxy merger. The PFS UV spectrum covering
~ 1500-3500 A in the rest-frame displays three distinguished
features. The first feature is the presence of broad C m]11909
and Mg 112800 emission lines, with FWHM > 3400 km s,

accompanied by AlmA41855, 1863 and Mgud12796,2803
absorption doublets. The second feature is the strong Fen
continuum emission in the vicinity of MguA2800. The third
feature is the significantly curved underlying continuum, ex-
hibiting a A-shape. Globally, the spectrum can be well re-
produced by a single blackbody spectrum with an effective
temperature of 10000 K.

The UV-MIR photometric data of BBQSORS can be fitted
by introducing three blackbody components: an SMBH en-
velope of T ~ 9700 K, an AGN dust torus of T ~ 1500 K,
and galactic dust of 7 ~ 80 K. Notably, we found an ex-
cess in the flux density of GALEX NUYV, which cannot be in-
cluded in the blackbody model. By interpolating the GALEX
NUYV data assuming a power law continuum with 8, = -2,
the resulting power law spectrum, combining the blackbody
spectrum, exhibits the characteristic V-shaped SED observed
in LRDs. Furthermore, when the blackbody spectrum of
BBQSORS is scaled to an effective temperature representa-
tive of LRDs, T = 5000 K, the UV power law intersects the
blackbody component, producing a V-shaped feature around
3400 A.

These results suggest that BBQSORS is likely to be tran-
sitioning from an LRD-like state to a normal quasar. At this
evolutionary stage, the SMBH envelope begins to disperse, as
accretion onto the SMBH is no longer sufficient to replenish
the envelope mass, and as strong feedback from radiation and
radio jets drives further mass loss. Future NIR observations
are needed to search for the Ha absorption feature commonly
observed in LRDs, as well as the Balmer break expected from
an optically thick envelope. Measurements of the gas metal-
licity and direct evidence for outflows would provide further
tests of whether BBQSORS represents an evolved LRD in a
bloated-envelope phase.
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Figure 9. SPHEREX spectrophotometry (gray solid line) fitted by S*Fit. From left to right, peaks of the modeled line components indicate
Ha, 0148446, and PagB.

A. SPHEREX SPECTROPHOTOMETRY

We show the SPHEREX spectrophotometry, covering 0.4—1.6 um in the rest-frame, fitted by S3Fit in Figure 9. The underlying
continua, as revealed in Figure 3, are assumed to be a composition of SMBH envelope and dust torus blackbody components.
This spectrophotometry exhibits a robust detection of Ha, while detections of 01148446 and Pag are only marginal. Due to the
low resolution, it is not feasible in this stage to determine whether there exist absorption features associated with Balmer series,
and the FWHM of Ha cannot be reliably measured.

Current fits find FWHM(Ha) ~ 2100 + 1800 km s~! and Fy, = (5.98 + 1.53) x 10" erg/s/cmz, resulting in Ly, = (1.25
0.33) x 10* erg s~! after correcting for the resolution. With these measurements, we estimated the SMBH mass following (Shen

etal. 2011)
FWHM
)+2.1log(—H").

Mg Ho
1°g(T
©

Resultantly, we find Mun, = I.Sf?:g x 108 M, in loose agreement with Mpymen = 2.5 X 108 M. Nonetheless, these values
should be handled with caution since we simply treat the observed Ha as the broad component originating from the BLR. High-
resolution spectroscopy is mandatory to confirm these numbers.

(AD)

L
) =0.379 +0.43 log( o —

10%2 erg s~!
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