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Abstract

One of the most mysterious results from observations of the James
Webb Space Telescope (JWST) is the detection of numerous, high-
redshift, very red, extremely compact, broad-line sources termed
“little red dots” (LRDs). It is unclear whether the LRDs belong to
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an active galactic nucleus (AGN) or simply a collection of very com-
pact star clusters. We build spectral energy distributions (SEDs) for
29 LRDs at z = 3 — 8.5 based on JWST photometric and spectro-
scopic observations. We find that the V-shaped SEDs of these LRDs
exhibit a roughly similar break frequency at v, = 1014-96+0.06 Hz,
which corresponds to A, = 32871‘1311& in the rest frame. We pro-
pose that this unique SED can be explained by the combination of
an inner standard disk and an outer gravitationally unstable accretion
disk with Toomre parameter Q ~ 1. The outer disk has a temperature
of ~ 2000 — 4000 K for typical AGN parameters, which can well repro-
duce the near-infrared to optical bump as observed in LRDs. This
model can naturally explain the strong infrared to optical emission
and the V-shaped SED with a similar break frequency ~ 10'® Hz for
LRDs without invoking strong dust extinction or unusual stellar con-
tribution from a host galaxy. Most LRDs stay in sub-Eddington state
based on the SED modeling, which are intrinsically weak in X-rays.

Keywords: Active galactic nucleus (16), High-redshift galaxy(734), JWST(2291),
Supermassive black hole (1663)

1 Introduction

James Webb Space Telescope (JWST) is opening up a new era in the study of the early
Universe, thanks to its remarkable sensitivity and angular resolution at infrared wave-
length [1]. One of the most surprising results from JWST is the discovery of numerous
faint, optically red and extremely compact sources (R, =~ 100 pc) [2-4]. These sources
are referred to as “Little Red Dots” [3, 5-7], which are widely considered as candidates
for high-redshift active galactic nuclei (AGNs) based on their broad emission lines, and
can play an important role in understanding the evolution of galaxies and supermas-
sive black holes at cosmic dawn [6-11]. The LRDs exhibit spectral energy distributions
(SEDs) characterized by a “V-shaped” continuum with a luminous red component
and a faint blue component in the rest-frame spectrum, which is notably different
from that of local AGNs [3, 5, 7]. Furthermore, the LRDs are less variable and are X-
ray weaker compared to classical AGNs [12-14]. Interpreting the LRD SEDs remains
difficult, which prevents us from further understanding the possible SMBH growth
or galaxy evolution in high redshift [15, 16]. The common AGN-only or galaxy-only
models cannot adequately describe the two distinct spectral components in V-shaped
SEDs. For the AGN-only scenario, the red/optical component is dust-reddened AGNs
due to the dust in the torus and/or interstellar medium, [e.g., 8, 17]. It has also been
proposed that the LRDs may be powered by the pure dusty starburst galaxies [18—
21]. Alternatively, some studies also consider the co-existence of AGNs and galaxies:
either a galaxy dominates the rest-frame UV SED while a reddened AGN contributes
in the rest-frame infrared to optical range; or the AGN contributes significantly to the
rest-frame UV while a dusty stellar population contributes in the rest-frame UV SED
[17, 18, 21]. A fraction of LRDs exhibit a clear Balmer break in their spectra, which
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Fig. 1: Example of broken-power-law fits for two LRDs of UNCOVER 25119 and
PRIMER 33823 (see Methods 2.2 for other 27 LRDs). The two mid-infrared MIRI
data (black points) of PRIMER 33823 are not included in the fitting since they deviate
from the typical broken-power-law model in the optical to UV waveband, as clearly
found in most LRDs.

indicates either an old stellar population [22, 23] or extremely dense gas surrounding
an AGN [24-26]. Most of these models predict significant dust emission in LRDs to
explain their distinctive V-shaped SEDs. However, observations reveal no detectable
mid- to far-infrared emission, suggesting a lack of both hot and cold dust components
[27-29], which contradicts the attenuated luminosities as anticipated in these models.

In this paper, we build the SEDs based on the photometric and spectroscopic data
for a sample of 29 LRDs, all exhibiting broad emission lines. We firstly fit the V-shaped
SED in the rest frame with a simple broken-power-law model (see Methods 2.2 for
the fittings). We present the fittings for two LRDs, UNCOVER 25119 and PRIMER
33823, as examples in Figure 1, which illustrate the characteristic V-shaped SEDs
and bumped infrared-to-optical SEDs, respectively. In the linear fitting, we exclude
photometric data points with frequencies higher than the Lyman limit, Signal-to-Noise
Ratio (SNR) less than 1, or data significantly affected by emission lines. Additionally,
the long-wavelength MIRI data of PRIMER 33823 are disregarded in the linear fitting
due to their evident deviation from the V-shaped spectrum, which will be addressed in
a more physically motivated model. Interestingly, we find that the break frequencies
in the V-shaped SEDs fall within a narrow range, from ~ 10148 to 10~!5-1 Hz (or the
inflection wavenlength from 2600-3800 A). We present the distribution of the inflection
wavelength in the left panel of Figure 2, where A, = 32877457 A or 1, = 1014:96+0.06
Hz. These fitting results suggest LRDs exhibit a similar break frequency in the rest-
frame V-shaped SED. We present the SEDs for 29 LRDs in the right panel of Figure
2, which are normalized at the inflection wavelength Ay,.

We explore the physical mechanism underlying this special feature of SEDs. The
standard accretion disk is believed to power luminous AGNs [30]. It is well known
that the outer part of the standard disk, beyond a critical radius is prone to suffer
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Fig. 2: Left panel shows the histogram for the inflection wavelength in V-shaped LRD
SEDs. The right panel shows the normalized SEDs at Ay, = 3287A, corresponding to
the break frequency of vy, = 101496 Hz, where the binned value with a standard error
is also shown as black dots.

gravitational instability if Toomre parameter Q = ¢;Q/TGYE < 1, where ¢, Q, G and
3. are sound speed, angular velocity, gravitational constant and disk surface density
respectively [31]. In AGNs, the gravitational instability of the accretion disk provides
a mechanism for forming nuclear stars and enriching the metals in the central part
of galaxies as indicated by the broad emission lines [e.g., 32-35]. The feedback from
the stellar process (e.g., supernova, stellar wind) and turbulent heating can balance
radiative cooling of the accretion disk, allowing the outer unstable disk to eventually
self-regulate at @ ~ 1 [e.g., 36-38], where the additional heating will increase the
disk temperature in the outer disk and mainly radiate in the near infrared to optical
wavebands [36]. The structure of the accretion disk and the radiation spectrum can be
derived from the SMBH mass, Mgy, accretion rate, M, viscosity parameter, «, and
outer radius of the accretion disk, Royus. In this work, the viscosity parameter a = 0.1
is adopted. In Figure 3, we present a cartoon picture (top panel), disk temperature
(middle panel), and emitted spectrum (bottom panel) of this disk for typical AGN
parameters. The disk temperature of the outer marginally unstable disk is around
2000-4000 K in the range of 10*" %R, (R; = GMpn/c? is gravitational radius, and ¢
is light speed), which is much hotter than the typical temperature of dust torus. The
blackbody emission of the outer disk with this temperature mainly radiates in the
near infrared to optical waveband, which can explain the red excess in the spectra of
the LRDs. This model predicts a V-shaped SED, in which the near-infrared to optical
and optical to UV emission originates from the outer marginally unstable disk and
the inner standard accretion disk, respectively.

We further fit the unique LRD SEDs using the model described above for all
sources in our sample using the Markov chain Monte Carlo (MCMC) method imple-
mented in emcee [39]. We adopt the SMBH mass estimated from broad emission
lines, treating only two parameters, M and Ry, as free variables that can be con-
strained through SED modeling. In Figure 4, we present an example of the modeling
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Fig. 3: The top panel shows a cartoon for the inner standard disk and the outer grav-
itationally unstable disk with disk winds. The strength of Balmer break (BB) depends
on whether the line of sight traverses dense gas in the disk wind or not. The distri-
bution of the disk temperature and the corresponding SED are shown in the middle
and bottom panels respectively for Mpy = 107> M, and dimensionless accretion rate
of i = M/MEdd = 0.03,0.1,0.3. This model predicts V-shaped SEDs, where the two

components come from the inner standard thin disk and outer marginally unstable
disk, respectively.
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Fig. 4: Examples for the MCMC fittings for the photometric data of the above two
LRDs (UNCOVER 25119 and PRIMER 33823) with the composite spectrum from an
inner standard disk and an outer gravitationally unstable accretion disk, where the
spectroscopic data is also included for comparison and the data points with signal-to-
noise ratio (SNR) < 1 are neglected (gray circles). The best fitting parameters are M=
0.2249-93 Mad, Row = 2.627057 R, for UNCOVER 25119 and M = 0.0175-9} Mpaq,
Row = 2.4170 01 R.. for PRIMER 33823 respectively. The UV emission from the model
is about two times higher than the observations in PRIMER 33823, which is possibly
caused by the absorption.

results for two LRDs of PRIMER 33823 and UNCOVER 25119, while the fitting for
the other 27 sources is presented in Methods 2.4. The V-shaped SED of UNCOVER
25119 can be well fitted using this model with the parameters M = 0.227093 Mpqq
and Rout = 2.621‘8:8;&:, with an estimated SMBH mass of 106'89M@ derived from its

broad emission lines, where MEdd is the Eddington accretion rate and R, is the critical
radius corresponding to @ = 1. For PRIMER 33823, the near infrared to optical bump
in SED is quite evident because it has the MIRI photometric data (4.9 to 27.9 ym) and
is located at a low redshift of z = 3.1. The fitting parameters are M = 0.011‘8:8%]\'/[]3(1(1
and Rou, = 2.417001 R, when adopting M = 10%2M,. The optical-UV emission may
be absorbed to some extent, as suggested by the strong Balmer break (BB ~ 2.5,
calculated from the median flux ratio between the [4000, 4100] A and [3620, 3720] A
ranges in the rest-frame following [23]). Similarly, we find that this model can well
reproduce the V-shaped SEDs for the other 27 LRDs, with the SMBH masses derived
from their broad lines (see Methods 2.4).

The similar break frequencies observed in the V-shaped SEDs of LRDs suggest
a common physical mechanism underlying their unique SEDs. Setton et al. [40] pro-
posed that LRDs exhibiting strong changes in spectral slope are highly unlikely
to be explained by a two-component AGN model, which accounts for the break
through a combination of scattered and attenuated components. In the self-regulated
marginally unstable accretion disk model, the V-shaped SEDs arise from a compos-
ite spectrum contributed by the inner standard disk and the outer gravitationally
unstable disk. Based on typical parameter distributions (e.g., Mpy ~ 106-5785M



M = 0.01 — 0.5Mpgqq and Royt = 2 — 5R.) used to model the LRD SEDs, we find that
the break frequencies lie within a narrow range (e.g., ~ 101°*0-1Hz). Consequently, this
model provides a natural explanation without the need to fine-tune numerous model
parameters. For supermassive black holes with lower masses (e.g., Mpn < 10%° M),
the critical radius of the gravitationally unstable disk is larger in sub-Eddington states,
resulting in a lower disk temperature (< 1000 K) and less pronounced infrared emis-
sion. If the accretion rates approach or exceed the Eddington limit, the radiation from
the inner disk becomes stronger, while the radiation from the outer disk changes less
due to the increase in R., which also leads to a lower break frequency in the compos-
ite spectrum (see Method 2.3). Variability is a fundamental characteristic of AGNs
and can serve as an indicator of fluctuations near the horizons of central supermassive
black holes. In our model, the infrared-to-optical and optical-UV emissions originate
from the outer disk and the inner disk, which suggests that the variability in infrared-
to-optical and optical-UV wavebands may not be correlated on short timescales. Some
studies have tentatively explored the variability in LRDs, but no significant variability
has been reported [14, 41, 42], despite several LRDs displaying potential variability
[14]. Time-domain data from JWST on LRDs remain sparse, and multi-epoch observa-
tions for more LRDs across different wavebands, particularly in the ultraviolet band,
can be used to test this model.

Balmer break at 3645 A in the rest frame is evident in some LRDs [18, 43, 44].
The V-shaped spectra of LRDs are proposed to be possibly caused by Balmer break,
as their frequencies are relatively similar [40]. This absorption may be a significant
factor in some LRDs with extreme Balmer breaks (e.g., Balmer break strength > 3,
as seen in Cliff [25]), and it may also be the case in some LRDs in our sample (e.g.,
CEERS 10444, PRIMER 33823, and UNCOVER 9497). The Balmer absorption lines
as observed in the spectra of some LRDs appear to support the idea of AGN absorption
in dense gas [9, 25, 45, 46]. However, the break frequency of V-shaped spectra in
many LRDs clearly deviates from the Balmer limit (e.g., 1433-1045, JADES-13704 as
discussed in Setton et al. [40]) or does not display a strong break near the Balmer
limit in many LRDs. This suggests that the Balmer break is not the primary physical
mechanism for most V-shaped spectra in LRDs. We note that strong extinction from
dust is still necessary to reproduce the V-shaped spectrum of LRDs in the absorption
scenario (e.g., Ay ~ 2—3, [24, 26]). However, the lack of hot and cold dust emission in
most luminous LRDs does not support the dust-attenuated scenario [20, 27, 28]. The
Balmer absorption feature as found in the broad lines of some LRDs may originate
from dense disk winds [9, 47], where the AGN continuum absorbed by these dense
winds can lead to the observed Balmer break. If this is the case, the Balmer break and
absorption features should be significant at large viewing angles along the motion of
the winds (see cartoon in Figure 3), since that anisotropic disk wind is normally along
the disk. In our model, the infrared-to-optical spectral bump arises from emission in
the outer gravitationally unstable disk, where the intrinsic Balmer break strength is
< 1.5 in model SEDs without considering absorption. From observations, about 10-
30% of sources have Balmer break with BB2> 1.5 [44], where the inflection wavelength
in V-shaped SEDs will be affected in sources with strong Balmer breaks [25].



The LRDs are typically X-ray weak sources, as evidenced by the nondetection of
individual LRDs or the stacked sample in Chandra X-ray data [12, 13]. We estimate the
X-ray emission for these LRDs based on the empirical correlation between optical and
hard X-ray emissions (characterized by optical to X-ray spectral index apx and the
X-ray spectral index I'), where the optical emission is derived from our disk modeling
of the optical to UV data. Our findings indicate that the X-ray intensity of most
LRDs is below the detection limit of Chandra (see Method 2.5 for more details).
We also estimate the line luminosities using the ionization spectrum from our disk
model, based on photoionization calculations performed with CLOUDY simulations
[48], where the locally optimally emitting clouds are considered. Excluding five sources
with unreasonably large values of covering factor CF > 1, we find that the average
CF is approximately 0.3, which is roughly consistent with the typical value in normal
AGNs [49]. The unreasonable covering factors in these five LRDs may be attributed
to absorption of the continuum or deviations of their spectra from the standard disk
model, where those sources all have M / MEdd < 5%. It should be noted that most
LRDs are sub-Eddington sources and their intrinsic luminosities are not so high, which
is the main difference for the dust-attenuated models. The total energy output based on
multi-wavelength observations for these LRDs can provide a key discriminant between
our model and alternative explanations.

The LRDs are common at high redshifts based on JWST observations. The evolu-
tion of the LRDs is still a puzzle, and it is unclear why no strong infrared-to-optical
emission in other AGNs. The hot dust emission (~ 500 — 2000 K) from the torus is
notably absent in LRDs [27], and this deficit may be attributed to low metallicities
(e.g., [50, 51]). Gravitational instability in the outer AGN disk provides a pathway
for star formation. The embedded stars in AGN disks will accrete quickly in a dense
environment and lead to fast metal enrichment after supernova explosion[35]. The
increase of metallicity with the evolution of AGNs will lead to more dust in the nuclear
region of galaxies. The higher dust opacity will lead to a more inflated disk in the
outer region, since the dust opacity sensitively depends on the metallicity [52]. If the
optically-thick dust and gas sandwich the outer SG disk, the infrared-to-optical emis-
sion from the outer SG disk will be absorbed and re-radiated at longer wavelengths,
where the inner radius of the torus is comparable to the size of the SG disk as sug-
gested by near-infrared reverberation mapping (e.g., [53]). This may be the physical
reason why the LRDs only appear in high-redshift dwarf galaxies, and the infrared-
to-optical emission is suppressed in local AGNs and high redshift QSOs with higher
metallicities [35, 54-57]. We note that seven local dwarf galaxies exhibiting V-shaped
SEDs have been reported, which show sub-Eddington rates and are potentially local
analogs to LRDs [58]. Further searches for possible low-redshift counterparts could
provide additional insight into the evolution of LRDs.

2 Methods

2.1 Photometric and Spectroscopic data for LRDs

Kocevski et al. [3] presented a sample of 341 LRDs including the CEERS [59], PRIMER
[60], JADES [61], UNCOVER [62], and NGDEEP [63] surveys, where the continuum



slope (B, f, o< v?) for Bopt > 0 and fyuy < —0.37 were adopted as selection criteria.
In this work, we focus on a total of 29 spectra of confirmed LRDs that exhibit broad
emission lines. Among them, 26 sources are selected from [3]. We exclude PRIMER-
UDS 119639 due to the non-detection at shorter wavelengths, where the V-break
spectra are not evident. Furthermore, we also include three additional LRDs: J0647-
1045 as reported in [17]; COS 756434 as reported in [64]; and JAEDS 954 as reported
in [65] by adopting the selection criteria of ma77 —mgqq > 1.0. It should be noted that
our sample is not complete, where the LRDs with weak UV emission or non-power-
law emission may be neglected using the above selection criteria(e.g., MSAID 45954
in [6]).

For sources in UNCOVER survey, we adopt the photometric catalog data from
UNCOVER and MegaScience Data Release 3 (DR3) and the NIRSpec MSA spec-
tra data from Data Release 4 [DR4, e.g., 62, 66-68]. The DR3 photometric catalog
includes photometry from the combined MegaScience and UNCOVER set of mosaics,
which incorporate the NIRCam filters (FO70W, F0O90W, F115W, F140M, F150W,
F162M, F182M, F200W, F210M, F250M, F277W, F300M, F335M, F356W, F360M,
F410M, F430M, F444W, F460M, and F480M), four HST/WFC3 filters (F105W,
F125W, F140W, and F160W) and two HST/ACS filters (F606W and F814W). We
choose the "SUPER” catalog, which is the recommended photometric catalog with
the most suitable aperture sizes. The reduced JWST /NIRSpec PRISM spectroscopy
from UNOCOVER and MegaScience DR4 is adopted for these sources.

For sources in JADES survey, we adopt Kron photometry from the photometry cat-
alog data from JADES Data Release 2 and the NIRSpec MSA spectra data from the
JADES Data Release 3 [61, 69-72]. The photometric data contains JWST/NIRCAM
filters (FO9OW, F115W, F150W, F182M, F200W, F210M, F277W, F335M, F356W,
F410W, F444W for the GOODS-N field and additional F430M, F460M, F480M for
the GOODS-S field) and the HST filters (ACS/UV, Optical F435W, F606W, F775W,
F814W, F850LP and WFC3/IR F105W, F125W, F140W, F160W). JADES Data
Release 3 provides spectroscopy data with three medium gratings (G140M/F100LP,
G235M/F170LP, and G395M/F290LP) and the PRISM.

For the sources from CEERS, PRIMER, and MACS0647 surveys, we adopt DJA /-
grizli photometric catalogs from the DAWN JWST Archive [DJA, 73, 74]. We adopt
the data reduced with an aperture of 0.36” in the catalog. CEERS data include
JWST/NIRCAM filters (F115W, F150W, F182M, F200W, F210M, F277W, F356W,
F410M, F435W, F444W) and HST/WFC3 filters (F105W, F125W, F140W, F160W
and HST/ACS filters F606W, F814W). PRIMER survey includes JWST/NIRCAM
filters (FO9OW, F115W, F150W, F200W, F277W, F356W, F410W, F435W, F444W)
HST/WFC3 filters (F125W, F140W, F160W) and HST/ACS filters (F606W, F814W).
MACS0647 has JWST/NIRCAM filters of F115W, F150W, F200W, F277W, F356W,
and F444W. For the source PRIMER 33823, we also include the JWST/MIRI filter
of F770W and F1800W. For the LRD of COS 756434, we adopt the photometric data
given by [64]. The PRISM spectrum data of PRIMER, MACS0647, and COSMOS are
from DJA /msaexp [75, 76] and the PRISM spectra data of CEERS are from CEERS
Data Release 0.7 [77, 78]. For UNCOVER 4535, we find that the spectrum needs to be



scaled by a factor of 2 to match the photometric data, which is similar to the source
CEERS 1670, as reported in [8] due to the slit loss.

In total, our sample includes 29 LRDs with photometric data and 23 sources with
PRISM spectra, where CEERS 69459, PRIMER 116251, and 32438 lost the PRISM
observations, and 3 sources in UNCOVER show no valid spectra in DR4.

2.2 The broken power-law fitting for the V-shaped SEDs of
LRDs

We present the SEDs of our selected LRDs based on the photometric data shown in
Figure 5, where the V-shaped spectral features are evident in most of the sources.
We initially fit the V-shaped SED in the rest frame with a simple broken-power-law
model, where logvL, = ki - (logv — logw,) + logvL,,, and logvL, = ko - (logr —
log ) + logvL,,, are adopted for the frequencies lower and higher than the break
frequency, vy, respectively, by using curve_fit [79]. The fitting results are shown as
solid lines in Figure 5, where the photometric data with frequency higher than the
Lyman limit (open circles) or the data with Signal-to-Noise Ratio (SNR) less than
1 (open triangles) are neglected in our fittings in Figures 5. Additionally, we mask
data points that are significantly influenced by prominent emission lines—specifically,
those exceeding 1.5 times the adjacent continuum or 0.1 times the amplitude of the
emission lines (indicated by red squares in Figure 5). This process particularly focuses
on the Ha, HS, and [OIII] features. The fitting parameters are presented in Table 1.
For most LRDs, the fitting yields reasonable results, and the break frequencies of the
V-shaped SEDs range from 10'4® to 10'*! Hz.

2.3 Model of the inner standard disk and the outer
gravitationally unstable disk
The spectral energy distributions in this work are derived from the self-gravitating

disk model as proposed by [36]. The basic equations of this model are described as
follows,

3 - Rin
UTfﬂf = 87MQ%< [1 - (R)1/2] (1)
3 1 1
T=(Zr+-+— T8 2
C <8T+2+4T> eff» ( )
KX
T = 77 (3)
see M [1—(Rin/R)V?] Ok
TO
Prad = %Téfb (5)
pkT,
Pgas = m y (6)
X = 2ph, (7)
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Fig. 5: The photometric SED of LRDs where the data with SNR<1 is shown with
black open circles. The V-shaped SED is fitted with a simple broken-power-law func-
tion (red solid line), where the red circles fhat are affected by emission lines are not
included in the fitting. The long-wavelength MIRI data of CEERS 14949 and PRIMER
33823 are also neglected in the fitting, where these points evidently deviate from the
linear relation (see the model fitting in Figure 7).
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h= O’ (8)

Ci _ Pgas + prad’ (9)
p

5 = k(p,T), (10)

where Qx = /GMgpn/R3 is Keplerian angular velocity, R;, is inner boundary of
accretion disk, and m = 0.62mpyg is the mean molecular mass. Given the black hole
mass M, accretion rate Mg, and viscosity parameter «, these 10 equations can be
solved, deriving 10 unknowns: effective temperature Tigs, midplane temperature T,
optical depth 7, surface density X, sound speed cg, radiation pressure p;.q, gas pressure
Dgas, gas density p, disk half thickness h, and opacity « at any radius R.

In the outer parts of the disk, once Toomre parameter less than unity (i.e.,
Q = ¢sQx/7GY = Q% /2rGp < 1), the accretion disk is gravitationally unstable and
prone to fragment into clumps or even stars [e.g., 33, 80], which may account for the
supersolar metallicity of broad line regions [e.g., 32-35]. Sirko & Goodman [36] sug-
gested that the outer disk could evolve toward a marginally stable state with Q ~ 1.
Chen et al. [38] explored this issue and found that gravitationally unstable (Q ~ 1)
outer regions of AGN disks are possible based on 3D radiation hydrodynamic local
shearing-box simulations. If this is the case, equation 1 is no longer valid, the density
of the outer disk is given by p = Q% /27G, and Tog should be derived from equation 2.

Ry = 6 R, and o = 0.1 are adopted as typical values throughout this work. For
the dependency of opacity on density and temperature (equation 10), we use the
opacity tables performed by [81] for high temperature regimes (> 10*7 K). In the
marginally stable region, the temperature of the disk is relatively low, and the opacity
is dominated by dust grains. To account for this, we adopted the opacity tables for
low temperature regimes (< 10375 K) provided by [82], which takes into account the
equation of state of the dust fully coupled to the gas.

With the above structure and temperature distribution of the accretion disk, the
emitted spectrum is given by

Rout 9p,3 27r
L, = dR, 11
7T/Rm 2 explhv/kTog(R)] — 1 R (11)

The composite spectra and the disk temperature distribution from this accretion
model, with My = 1057?M and M = 0.01 — 1Mgqq are shown in Figure 6, where
Rouwt = 10R. is adopted. For M = 0.01 Mgqq, the near infrared bump in the SED is
less evident for My < 107 Mg, (left panel) due to the lower disk temperature in outer
marginally unstable disk (right panel). With increase of accretion rate, the critical
SMBH mass for evident infrared bump becomes slightly lower (e.g., My < 10°M,
for M = O.SMEdd). For M ~ Mgqq, the break frequencies also become slightly lower,
as the optical/UV emissions become much stronger, while the near-infrared to optical
emissions remain roughly unchanged due to the increase in R. with growth of the
accretion rate. Figure 6 shows that this model can naturally reproduce the V-shaped
SEDs with break frequency ~ 10®Hz except for some parameter space. This model
predicts a black-body structure SED from near infrared to optical waveband, which
is mainly contributed by the outer gravitationally unstable disk. The comparison of
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more LRDs with mid-infrared data can test this model and distinguish it from other
models.

2.4 The fitting of the V-shaped spectrum by the outer
gravitationally unstable disk for all LRDs

We present the modeling for all sources now. In this modeling, we consider only two
parameters: the accretion rate M and the outer radius of the accretion disk Rgut.
We adopt the SMBH mass estimated from the broad lines and use a typical value of
a = 0.1, noting that the spectrum is influenced by the BH mass but is not sensitive
to the viscosity parameter. The other two parameters, M and Rgy, are treated as
free variables that can be constrained through the SED modeling. It is important
to note that some photometric data may be significantly affected by the emission
lines. Therefore, we also include spectroscopic data to compare with the photometric
SEDs, while minimizing the influence of photometric data near prominent emission or
absorption lines. The modeling results for all LRDs are shown in Figure 7, where the
fitting parameters are presented in Table 1. The posterior distributions of the model
parameters for two sources are shown as an example in the Figure 8. We find that the
model can well reproduce the observed V-shaped SEDs of most LRDs. The absence
of an evident bump in some sources may primarily result from the limited range of
observed wavelengths. Several sources exhibit evidence of a curve-like structure in the
left part of the spectrum (e.g., CEERS 14949, UNCOVER 9497, UNCOVER 25119; see
Figures 5 and 7), which are consistent with the model predictions for PRIMER, 33823.
The predicted break frequencies in the SEDs align closely with the observed values
without the need for extensive fine-tuning of the model parameters. The strength of
the infrared bump in LRDs is influenced by parameters of both M and Rgy, where M
can roughly be estimated from the optical/UV observations. Thus, the strength of the
infrared bump is mainly governed by the outer radius of the self-regulated marginally
unstable disk. We find that Royt/R. ranges from 2 to 7 and the dimensionless accretion
rates, m = M/MEdm range from 0.004 to 5 in our fitting results, where Mgaq is
Eddington accretion rate. In the SED modeling, we neglect photometric data with
SNR < 1 (open gray circle) or affected by emission lines (open red circle) in Figure 7.

2.5 Estimation of the X-ray strength in LRDs

The weak or non-detection of LRDs in X-ray wavebands suggests that their X-ray
emission may be intrinsically weak or these LRDs are Compton-thick(e.g., [12, 13]).
We estimate the strength of X-ray emission for these LRDs based on the disk emission
as constrained from the modeling and the typical AGN SEDs from optical to X-ray
wavebands, where the empirical correlation ay = —0.14 xlog L(2500 A) as constrained
from type I AGNsle.g., 83] and typical unabsorbed X-ray power-law index of T" ~ 1.7
are adopted. We find that the predicted observation 2 — 10 keV X-ray flux range from
Fy_10 kev ~ 10717 — 10716 erg s71 cm ™2 (see Table 1), which suggests that the X-ray
emission of LRDs is intrinsically weak and nearly all LRDs in our sample are below
the typical Chandra detection limit(e.g., [84]).
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Fig. 7: The model fitting for the V-shaped SEDs of LRDs (solid line) based on the
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MCMC method, where the photometric and spectrometric data are presented for
comparison. Data points affected by the line emission are shown as red open circles.
The data have an SNR lower than 1 are shown with black open circles.
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Fig. 8: The posterior distributions of the model parameters including the dimension-
less accretion rate and the outer radius of accretion disk for two sources as an example.

2.6 Estimation of the broad-line strength in LRDs

We also tentatively estimate the strength of the broad Balmer lines based on the
photoionization model that is widely adopted to investigate the optical emission lines
in AGNs, where CLOUDY code version C23.01 is adopted with pyCloudy [48, 85].
We simply describe the model here(see [86] for more details). The locally optimally
emitting cloud model was implemented to calculate emission line intensities, which
assumes that substantial emission for any given spectral line originates exclusively
within a narrow photoinization parameter range (e.g., [87, 88]). The line flux from
individual cloud surfaces is characterized by F(r,n), where r represents the distance
from the central source and n denotes the plasma number density. The total broad-
line luminosities can be estimated from Lijne < [ r2F (r,n) f(r)g(n) dndr, where f(r)
and g(n) describe the radial distribution and density distribution functions of clouds
respectively. In our simulations, BLR clouds are modeled with solar metallicity and
a hydrogen column density of Ny = 10?cm~2. The number density spans 108 —
10**em—2 with logarithmic grid steps of 0.1 dex for density and 0.2 dex for radial
distance are adopted.

The SEDs from accretion disk are set as incident AGN continuum(see Method 2.3).
To reproduce the observed broad He line luminosities, we find that the covering factors
(CF) range from 0.03 to 14.45. Five sources with CF> 1 have very low Eddington
ratios (e.g., less than several percent), where the intrinsic SEDs from standard disks
may not be a good approximation. Excluding these five sources, we find the average
CF is 0.3, which is roughly consistent with the typical value in type I AGNs [49].
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