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Abstract

The discovery by JWST of a substantial population of compact “Little Red
Dots” (LRDs) presents a major puzzle: their observed spectra defy standard
astrophysical interpretations. Here, we show that LRD spectra are natu-
rally reproduced by emission from an accreting Direct Collapse Black Hole
(DCBH). Using radiation-hydrodynamic simulations, we follow the growth
of the DCBH seed via a dense, compressionally heated, collisionally ionized
accretion flow. The model self-consistently reproduces the screen responsi-
ble for the observed Balmer absorption, while allowing UV /optical emission
to partially escape, along with reprocessed infrared radiation. Crucially,
this structure is not a blackbody and requires no stellar contribution: the
UV continuum originates entirely from reprocessed DCBH radiation, atten-
uated only by a small amount of dust with an extinction curve (consistent
with high-redshift galaxies. This single framework simultaneously explains
the key observational puzzles of LRDs: (a) weak X-ray emission, (b) metal
and high-ionization lines alongside absent star-formation features, (c) over-
massive black holes, (d) compact morphology, (e) abundance and redshift
evolution — linking them directly to pristine atomic-cooling halos, (f) long-
lived (> 100 Myr), slowly variable phases driven by radiation pressure.
Our findings indicate that JWST is witnessing the widespread formation
of heavy black hole seeds in the early Universe.
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The James Webb Space Telescope (JWST) was designed to explore the distant Universe.
Among other discoveries, JWST revealed a new class of astrophysical sources: the “Little
Red Dots” (LRDs, [1-3]), which have become the most investigated mystery in early cosmic
evolution.

Initially interpreted as massive star-forming galaxies [4], their tiny effective radii of < 100
pc [5, 6] challenged this hypothesis [7, 8]. If solely made of stars, LRDs would represent an
unexplored regime of galaxy formation in the ACDM framework [9]. An alternative class of
models suggests that a massive black hole (MBH) powers the LRDs. This hypothesis has
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caveats, as the MBHs would be (i) overmassive relative to their host stellar mass [10, 11]
and (ii) undetected in the X-ray [12-14].

Additional peculiarities of the LRDs include a V-shaped spectral energy distribution
(SED) with a strong Balmer break [15] and a spectral shape at longer wavelengths similar
to a blackbody [16]. Their spectra also feature high-ionization forbidden lines — typically
observed around accreting MBHs — but a lack of equivalently strong star-formation lines
[17]. Interestingly, some high-ionization lines, such as [NeV], are absent or very weak.

This study demonstrates that all observed properties of LRDs are explained by identi-
fying them with accreting Direct Collapse Black Holes (DCBHs). DCBHs were proposed as
a channel to form heavy black holes (M, ~ 10° M) at high redshifts [18-21], seeding the
growth of supermassive black holes in quasars (M, > 109 Mg at z > 6 [22-24]).

1 Direct Collapse Black Hole Model

This study is based on a suite of radiation-hydrodynamic (RHD) simulations developed to
model the emission properties of DCBHs [25, 26]. The simulations follow time-dependent,
nearly spherical gas accretion onto a black hole seed of initial mass M, = 10°> Mg, at rest
at the center of an atomic-cooling halo of total mass M}, = 6.2 x 10" M, at redshift z = 10.
We self-consistently solve for gas inflow, radiation pressure, and heating/cooling processes.
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Fig. 1 Radial profiles of gas density, cumulative hydrogen column density, velocity, and optical depth at
75 Myr after DCBH seeding, corresponding to a representative, intermediate evolutionary stage of the RHD
simulation [25]. These profiles are used to generate the DCBH spectrum in Fig. 3.

Figure 1 displays typical radial profiles for gas density p, cumulative column density Ny,
velocity v, and optical depth 7. The RHD simulations compute the optical depth for the
frequency-integrated radiation field, and include electron scattering, bound-free absorption,
and H™ opacity in a metal-free gas [25]. These profiles are shown 75 Myr after DCBH
seeding, corresponding to an intermediate evolutionary stage between seed formation and
the depletion of the available gas [25]. Figure 2 displays an artist’s illustration of our DCBH
model for LRDs.
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Fig. 2 Artist’s illustration of our DCBH model for Little Red Dots.

The inner regions are characterized by high densities reaching > 107"®cm™3 in the
inner core, and high temperatures due to compressional heating, caused by accretion onto
the DCBH [25]. As a result of the process leading to the DCBH formation, the density
distribution of the halo gas (with mass My ~ 107 M) has contracted from the virial radius
of the parent halo (= 1 kpc) to a few parsecs [27]. At 75 Myr after seeding (i.e., the RHD
snapshot used in this study), the total cumulative gas column density has increased to
Ny ~ 3 x 10*2*cm™2; thus, the system is heavily Compton-thick.

The frequency-integrated optical depth is 7 > 1, thus the core is optically thick up
to a radius of ~ 1 pc; outside, the optical depth decreases rapidly. The radiation from
the DCBH accretion disk does not significantly affect the accretion flow temperature or
ionization state. Most of the gas settles to a temperature of T' ~ 4 x 10* K due to a balance
between compressional heating and radiative cooling (see Supplementary Materials, Sec. 8).
The accretion flow is, thus, almost completely ionized (neutral fraction ~ 1073); the relic
neutral medium produces the observed Balmer absorption, described in Sec. 2.

The internal region is nearly hydrostatic (v = 0), while the most external layers are
outflowing at the relatively low speed of ~ 10 — 20kms~! (see Sec. 4). Accretion proceeds



intermittently due to radiative feedback, featuring long-lived, mildly super-Eddington (on
average L = 1.35 Lgqq) accretion phases [25].

2 Synthetic LRD Spectra

To compute the observed spectrum, the outputs from the RHD simulations are post-
processed with CLouDy [28]. Full frequency-dependent radiative transfer through the
accretion flow is performed using the simulated gas density profile and a physically-
motivated input spectrum [29], self-consistently accounting for absorption, reprocessing,
and nebular emission (see Supplementary Materials, Sec. 2). This framework has been used
to predict the observable signatures of heavy black hole seeds [26], identify the first can-
didate DCBHs [30, 31], interpret JWST observations [32, 33], and assess prospects for
next-generation X-ray observatories [34, 35].

The key spectral features can be understood as follows. The input DCBH accretion disk
spectrum, extending to energies 2 300 keV, is filtered by the Compton-thick accretion flow
before escaping. As a result, photons in the energy range 13.6 eV < E < 1 keV suffer
complete photoelectric absorption; more energetic X-rays can instead (partially) escape.
Hence, these objects contribute negligibly to cosmic reionization. The absorbed energy is re-
emitted as “nebular emission” with contributions from free-free, free-bound, and two-photon
processes. Lya emission is not included, as at these large column densities, Lya photons
are resonantly trapped in the surrounding gas [36]. Hence, n = 2 — n = 1 transitions will
eventually produce two-photon emission.

The nebular emission boosts the spectrum below 13.6 eV. However, as a sizable fraction
of H-atoms is in the n = 2 state at any time, photoelectric absorption from the n = 2 level
selectively suppresses the flux at A < Ag = 3646 A, converting the intrinsic Balmer jump
produced by the free-bound continuum into the observed Balmer break, which is naturally
reproduced in our setup.

Finally, we account for the presence of dust, which explains the observed reddening of
the LRD spectrum, especially in the UV. As the gas temperature settles to T =~ 4 x 10*
K, grain sputtering is inefficient, and dust survives without issues, at least in the external
layers where the density is sufficiently low (n < 108 cm~2) that gas—dust thermal coupling is
inefficient. We find that a very small dust amount (12.9 Mg) is required to fit the data (see
Supplementary Materials, Sec. 5). We adopt a dust attenuation law, Ay, that accurately
reproduces the properties of JWST galaxies at z ~ 2 — 12 [37]. Dust attenuation is applied
multiplicatively to the filtered DCBH spectrum: Ff\)bs = 10_0'4AAF?CBH to obtain the
observed spectrum, F' ;\)bs.

3 Comparison With JWST LRD Spectrum

To validate our DCBH-based model for LRDs, we compare it with recent JWST data.
We focus on the prototypical case of RUBIES-EGS 42046 at z = 5.28, i.e., at the peak
of the LRD redshift distribution [38, 39], and whose spectrum exhibits the defining char-
acteristics of the class. Hence, we compare the 0.9-5.2 um observed-frame spectrum of
RUBIES-EGS 42046 to the synthetic spectrum predicted by our DCBH model for an initial
seed mass of 10° M, [25, 26]. To determine the dust attenuation parameters implied by the
data, we developed a Markov chain Monte Carlo (MCMC) fitting pipeline that compares the
observed spectrum of RUBIES-EGS 42046 to our synthetic spectrum (see Supplementary
Materials, Sec. 6).

The predicted DCBH spectrum is shown in Fig. 3, where it is compared to RUBIES-
EGS 42046. The DCBH spectrum reproduces the LRD’s spectrum self-consistently,
including both the blue and red V-arms, without any need for arbitrary stellar components.
The residuals from our spectral fitting procedure are typically < 10%, indicating an excel-
lent fit. The only spectral regions where they become larger are in correspondence with



specific emission lines, such as the [OIII]A4959 + A5007 doublet. The large Ha/HS ~ 10
ratio is due to dust, consistent with observations. We find a moderate rest-frame visual
attenuation of Ay ~ 0.7 mag; this relatively low value alleviates the long-standing concern
that the large extinctions often inferred for LRDs would inevitably imply strong hot dust
re-emission at long wavelengths (see Sec. 4).
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Fig. 3 Comparison between the attenuated DCBH spectrum (red) and the spectrum of a prototypical LRD
at z = 5.28 (blue), RUBIES-EGS-42046 [38]. The unattenuated DCBH spectrum is also shown (orange),
together with the dust attenuation law 74(\). The bottom panel displays the residuals between the attenu-
ated DCBH spectrum and the LRD spectrum. The DCBH spectrum is shown at the intermediate accretion
stage of ~ 75 Myr, when it reached a mass of ~ 10% M [25].

4 Inferred LRD Properties

As our model successfully reproduces the spectra of LRDs, we can now examine their
inferred physical properties.

Stellar mass — If supernovae (SNe) are the main contributors to the dust mass required
by the attenuation (12.9 Mg, Sec. 2), the associated stellar mass formed in the LRD is

M, = My(yqv)™* = 6824 Mg, (1)



where y4 = 0.1 Mg and v~—! = 52.9M, are the net dust yield per SN, and the number
of SNe per unit stellar mass formed, respectively [40]. Hence, Ngx = 129 supernovae are
required, corresponding to M, = 6824 M.

Metallicity — Using similar arguments for metals, assuming a SN metal yield yz = 2.44 Mg
[40], we find that a metal mass Mz = 315Mg was injected in the remaining fraction
(=~ 50%) of the initial halo gas mass (9.6 x 105 M) that was not yet accreted by the DCBH
after 75 Myr. This corresponds to an average gas metallicity Z = Mz /M, ~ 5 x 1073 Z,.
Such non-zero metallicity is consistent with recent studies [41], accounts for the presence of
some metal lines in the observed spectrum, and is used as a reference value in our CLOUDY
simulations.

Overmassive black hole — After 75 Myr, the DCBH has grown to M, ~ 3 x 105 Mg
[25]. This implies a black hole-to-stellar mass ratio of Me/M, ~ 400, i.e., the DCBH is
overmassive, as predicted by detailed simulations of heavy seeds [42].

Broad line components — The Ha line in the JWST /NIRSpec PRISM spectrum of
RUBIES-EGS 42046 has a measured FWHM of 3300 60 km s~ [43]. Because PRISM has
a low and strongly wavelength-dependent resolving power, R(A) ~ 30 — 300 [44], unresolved
spectral features are broadened by the instrumental line-spread function, corresponding to
a velocity resolution floor Av ~ ¢/R ~ 3000km s~! across the bandpass. For this reason,
line widths measured from PRISM data alone generally reflect a combination of intrinsic
broadening and instrumental smearing.

In our spectral modeling [26], nebular emission is computed with CLOUDY; in the absence
of turbulence, lines are characterized by a negligible width and the intrinsic line profiles
are narrow compared to the PRISM resolution (see Fig. 3). To compare the model to the
observed SED, we convolve the attenuated model spectrum with a wavelength-dependent
approximation to the PRISM line-spread function (see Supplementary Materials, Sec. 4),
thus enforcing the finite instrumental resolution on the model.

In general, the broad components might arise from a broad-line region associated with
virialized gas in the vicinity of the DCBH. For virial motions, v ~ (GM,/R)'/? so FWHM ~
3000 kms~! requires emission from radii R ~ 1072 pc (~ a few light-days) for M, ~
3 x 10 Mg. If instead the broad-line region size follows the empirical radius-luminosity
relation for AGN, the expected virial widths are substantially smaller than the observed
values. In addition to gravitational broadening, broad Balmer wings can be produced by
resonant scattering in the dense, extended gas distribution. In this scenario, line photons
produced in the HII region undergo multiple scatterings off neutral or partially ionized
hydrogen before escaping, leading to substantial frequency diffusion and the formation of
broad wings [16, 45-48]. CLOUDY does not include radiative transfer effects associated with
resonant scattering; hence, the widths of the Balmer lines produced by the code are to be
interpreted as lower limits.

Dust continuum emission — Dust in the gas surrounding the DCBH and out to the
external optically thin gas layer (= 1 pc, see Fig. 1) absorbs the UV /optical radiation and
re-emits it in the infrared. We derive a dust temperature T; = 254 K (see Supplementary
Materials, Sec. 7), corresponding to a peak observed-frame emission at A, = 72.2 ym. The
observed flux is F¢P = 78.4 nJy. This level of far-IR emission is far below the sensitivity of
current facilities; moreover, the predicted Rayleigh-Jeans tail at longer wavelengths remains
consistent with upper limits from deep sub-mm observations [49].

5 Implications of the DCBH Nature of the LRDs

Interpreting the LRDs as DCBHs has several physical consequences. Below, we outline some
immediate implications regarding their evolutionary stage, variability, multi-wavelength



appearance, and formation pathways. For completeness, we assess whether our DCBH
interpretation is consistent with the full known set of LRDs observational constraints [50].

5.1 Intrinsic X-ray Weakness

A defining observational property of LRDs is their extreme X-ray weakness [12, 13, 51].
This behavior arises naturally in the DCBH scenario, where the black hole is embedded in
a Compton-thick (Ng = 1.5 x 10?* cm~2) gas distribution for a significant fraction of its
active lifetime of > 100 Myr [25, 26]. As displayed in Fig. 1, the spectrum used in this study
is generated within an accretion flow with a column density Ny =~ 3 x 10%° cm~2. Studies
from a decade ago [25, 26] indicated that such systems should be heavily obscured in X-rays,
with high-energy photons efficiently absorbed and reprocessed to lower energies (e.g., Fig. 3
of [26]). Only during the final stages, when the gas column density rapidly drops, does the
X-ray emission escape. Because DCBH accretion is characterized by mildly super-Eddington
phases, recent studies [12, 52] suggest that the intrinsic X-ray emission may be even weaker
than originally predicted. The full DCBH spectrum used in this study is displayed in Fig.
4 of the Supplementary Materials, with additional details on the X-ray weakness.

5.2 Long-lived Accretion Phases and Outflow Profiles

This study focuses on a DCBH at an evolutionary time of ~ 75 Myr after seed formation.
RHD simulations of DCBHs [25] show that this epoch corresponds to the central stages of
the accretion history, when ~ 50% of the available gas has been consumed, and the system
is still far from its terminal “last-gasp” phase. In these simulations, accretion proceeds
for ~ 100 — 200 Myr, characterized by mildly super-Eddington phases [25], before a final
radiation-driven event expels the remaining gas from the host. Signatures of this transition
include the emergence of outflows, which are explicitly seen as positive gas velocities in the
RHD simulations, as displayed in Fig. 1. Such outflows provide a physical framework for
the presence of P-Cygni-like features and asymmetric Balmer-line profiles observed in LRDs
[48].

5.3 Late-Stage DCBH Evolution

The late stages of DCBH accretion may be associated with observational properties that are
now being identified in a subset of LRDs and related populations. For instance, [53] report
the detection of an X-ray-luminous LRD at z = 3.28. This source may correspond to a late
DCBH evolutionary stage, close to the “last gasp” [25], in which a substantial fraction of the
surrounding gas has already been depleted, resulting in a Compton-thin absorbing column,
as originally pointed out in [26]. Additional support for this evolutionary interpretation
comes from the identification of Little Blue Dots (LBDs, [54]). These systems share several
structural and spectroscopic similarities with LRDs, but lack the red optical continua that
characterize them. Within a DCBH framework, LBDs may represent a transitional phase
in which the system has largely emerged from its dust-enshrouded state, revealing a bluer
continuum and AGN-like spectral properties.

5.4 Intrinsic Variability Driven by Radiation Feedback

Most LRDs show weak or no variability, while a small fraction exhibits measurable changes
[65, 56]. The RHD simulations predict intrinsic, self-regulated variability as an inevitable
consequence of the coupling between accretion and radiative feedback [25]. As radiation
pressure intermittently halts and restarts the inflow, the emitted luminosity fluctuates
on timescales set by the dynamical response of the gas. This variability arises from the
self-regulated nature of accretion in optically thick environments and provides a natural
explanation for the low-level, long-timescale variability observed in LRDs [56]. Importantly,



this intrinsic, low-amplitude variability is expected to be strongest toward the end of
the accretion history, when the gas reservoir becomes increasingly susceptible to radiative
disruption [25].

5.5 Continuum Shape and Balmer-series Features

The defining spectral properties of the LRDs are naturally reproduced within our frame-
work. The V-shaped spectrum, with a turnover at rest-frame ~ 3000 — 4000 A, emerges
from the combined effects of reprocessed UV /optical radiation emerging from the accretion
flow and some modest dust attenuation. The location of the turnover is set primarily by
hydrogen bound-free opacity and reprocessing in the outer layers, rather than by a fine-
tuned combination of stellar and AGN components, explaining the remarkable uniformity
of LRD continua.

Within the same geometry, Balmer emission lines are produced in the ionized region sur-
rounding the DCBH. As Balmer photons propagate through the extended, optically thick
layer, scattering and radiative transfer generate broad wings. The coexistence of broad emis-
sion with Balmer absorption and a pronounced Balmer break further suggests the presence
of neutral medium within the partially-ionized, high-density accretion flow, whose thermo-
dynamical state is predicted by the combination of our RHD simulations and CLOUDY.
Bound-free absorption by excited (n = 2) neutral hydrogen in this layer creates the observed
Balmer break, and also affects the Balmer decrement.

5.6 Compact Morphology

The LRDs are unresolved or marginally resolved by JWST, with inferred sizes < 100 pc
[5]. In the DCBH scenario, the dominant emission originates from the nuclear region and
the surrounding gas on parsec scales, naturally producing point-like sources. Any extended
emission is expected to be energetically subdominant, consistent with observations.

5.7 Abundance and Redshift Evolution

The observed abundance and redshift evolution of LRDs provide an essential consistency
check of the DCBH interpretation. The comoving number density of LRDs [38] is compa-
rable to the abundance of heavy seeds predicted by DCBH models [57]. Light seed models
that rely on super-Eddington accretion tend to overproduce the observed population, while
heavy seed scenarios naturally yield rarer objects. Recent semi-analytical modeling demon-
strates that DCBHSs reproduce both the observed LRD number densities and their host halo
properties more successfully than light seeds [57].

Equally compelling is the redshift dependence of the LRD population (4 < z < 9,
[38]). DCBHs are expected to form in pristine, atomic-cooling halos, whose abundance
declines rapidly as structure growth progresses [18-20]. As the Universe evolves, the con-
ditions required for direct collapse become increasingly rare [57]. The observed decline of
the LRD population with cosmic time closely mirrors this theoretical expectation, provid-
ing a natural explanation for why such objects are predominantly detected at z 2 4 [39].
In this framework, the emergence and disappearance of the LRDs trace the cosmological
window during which atomic-cooling halos can host the birth and the subsequent growth of
heavy black hole seeds. Additionally, the formation of a DCBH requires a nearby source of
Lyman-Werner radiation [58, 59], a condition that is consistent with observational evidence
indicating that LRDs are preferentially clustered [60].

Taken together, these considerations show that the DCBH model provides a self-
consistent explanation for the observational properties of LRDs. Our results strongly suggest
that JWST is witnessing the widespread formation of heavy black hole seeds in the early
Universe.



Supplementary Materials

The Supplementary Materials provide additional details on the models used and a broader
perspective on some topics discussed in the main text.

1 Cosmological Model

Throughout this study, and consistent with the original papers that developed the DCBH
model [25, 26, 31, 61], we assume a flat Universe with the following cosmological parameters:
O =0.32, Qp = 1— O\, Qp = 0.05, h = 0.67, ng = 0.96, og = 0.83. Here, Oy, 24, and O,
are the total matter, vacuum, and baryon densities, in units of the critical density; A is the
Hubble constant in units of 100 kms~'Mpc~!, ng is the primordial matter power spectrum
index, and og is the late-time fluctuation amplitude parameter [62].

2 CLOUDY Photoionization Modeling

This Section details how the photoionization code CLOUDY (version C25, [28]) was used to
generate the observed spectrum described in Sec. 2. We adopted a spherically symmetric
gas distribution and an input AGN spectrum for the ionizing continuum [29]; this setup
follows the same configuration originally adopted in [25, 26].

Geometry:

We model the emitting/absorbing medium as a spherical shell extending from an inner
radius log;y(Rin/cm) = 17.69 to an outer (stopping) radius log;,(Rout/cm) = 18.97, con-
sistent with the extent of the density profile derived from the RHD simulations [25]. This
configuration is intended to represent the circumnuclear gas in the RHD simulations at the
selected evolutionary stage of 75 Myr, midway between seeding and gas depletion.

Input ionizing continuum:

The incident continuum is provided via an explicit tabulation of logv versus log F,,. This
table encodes a standard AGN-like spectrum appropriate for a ~ 10576 Mg black hole
[29]. In that model, the intrinsic source spectrum can be described as the sum of three
components: (i) a multi-color blackbody, (ii) a power-law, and (iii) a reflection component,
and it extends from the far-infrared to hard X-rays (up to ~MeV energies). In practice,
CLOUDY linearly interpolates the tabulated values to construct the incident spectrum on
its internal frequency grid.

The overall normalization of the ionizing source is set corresponding to a bolometric
luminosity Ly = 10%° erg s~! integrated over the entire input continuum, consistent with
the original DCBH model [25]. We forced the code to iterate to convergence to ensure that
the thermal and ionization solutions are self-consistent.

The thermal solution is computed internally by Cloudy, while we impose a minimum
gas temperature to prevent the equilibrium solution from cooling below 4 x 10* K. This
temperature results from a balance between compressional heating and radiative cooling
(see Supplementary Materials, Sec. 8).

Radial density law:

The hydrogen number density profile is specified using a dlaw table as a tabulated function of
radius, thereby enforcing the RHD-derived density structure within the shell [25]. Additional
grid controls are used to regulate the spatial stepping and the total number of zones used
to resolve gradients in the dense inner regions.



Chemical composition:
We adopted a low-metallicity mixture with metals scaled to 10~2 of solar abundance, while
disabling molecule formation. This metallicity level is compatible with our theoretical esti-

mate in Sec. 4, derived from the dust attenuation law required to reproduce the observed
spectrum.

3 Full DCBH Spectrum and X-ray Weakness

For completeness, we display in Fig. 4 the full DCBH synthetic reference spectrum, from
the far-infrared to the hard X-rays.
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Fig. 4 Reference DCBH synthetic spectrum, from the far-infrared (120 pm) to the hard X-rays (100 keV).
Line smoothing was applied to improve the clarity of the continuum visualization. The inset shows a zoom-in
of the wavelength range highlighted in Fig. 3. In this particular run, as the column density is > 1025 cm ™2,
the X-ray emission is faint. This fact does not imply that all DCBH accretion phases are X-ray weak to
this extent; on the contrary, in the final phases, when most of the gas is depleted, DCBH accretion is X-ray
bright [26].

We caution the reader that the fact that this particular simulation is characterized by
a weak X-ray emission of ~ 10719 ergcm 257! does not imply that all DCBH accretion
phases are X-ray weak to this extent. As shown in the original study developing the spectral
analysis [25, 26], the observed X-ray emission at ~ 1 keV can reach ~ 1077 ergecm =257}
in the final phases (~ 150 Myr) when most of the gas is depleted.

4 Spectrum Projection Onto the JWST /PRISM Grid

The intrinsic DCBH spectrum produced by CLOUDY is defined on the code’s native wave-
length grid and does not incorporate the finite spectral resolution of JWST /NIRSpec. A
direct comparison to the observed PRISM data, therefore, requires modeling of instrumental
effects on the model spectrum.

The NIRSpec PRISM mode has a low and strongly wavelength-dependent resolving
power, R(A) ~ 30 — 300, which corresponds to a minimum velocity resolution Av ~ ¢/R ~
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3000 km s~! across the 0.6-5.3 um bandpass [44]. Any intrinsic spectral feature narrower
than AX ~ \/R will therefore appear broadened in the observed spectrum.

Our comparison pipeline consists of two steps. First, we evaluate the model on the
observed wavelength grid using interpolation, which enables point-by-point residuals relative
to the data. Second, we convolve the attenuated model spectrum with an approximation to
the PRISM line-spread function [44]. This convolution applies only the finite instrumental
resolution to the model, enabling a like-for-like comparison between the synthetic spectrum
and PRISM data.

5 Dust Attenuation

Section 2 describes the necessity of some dust attenuation. As detailed in the main text, we
use the attenuation curve formalism developed in [37] to match JWST galaxies observed
in the redshift range z ~ 2 — 12, i.e., a cosmic time encompassing when the totality of
LRDs is observed. Following the analytical fit from [37], the attenuation curve is expressed
in wavelength space as:

Ay C1

Ay~ (A/0.08)c2 + (0.08/X)2 + c3

|:]_ N < S —— |
4 933 6.88°210.145%2 t¢c3  4.60 (2)
(A/0.046)% 4 (0.046/X)2 + 90
+ o
(A\/0.2175)2 + (0.2175/\)2 — 1.95

where A is in pm and the four dimensionless coefficients (c1,ca,c3,cq) fully specify the
shape of the attenuation curve. This formulation encompasses a wide range of attenuation
laws, including Calzetti-, SMC-, and MW-like curves, while allowing for the flatter slopes
and weaker UV bumps inferred in high-redshift JWST galaxies. Details of the derived dust
attenuation parameters are provided in the following Sec. 6 of the Supplementary Materials.

6 Spectral Fitting

As described in Sec. 3 of the main text, we developed an MCMC fitting pipeline that
compares the observed LRD continuum to our synthetic DCBH spectrum.

At each step, the intrinsic DCBH spectrum is reddened using the four-parameter
attenuation curve (ci,ca,cs,cq). The posterior probability is sampled assuming Gaussian
uncertainties in flux space, with a likelihood defined by the x? statistic evaluated over the
full observed-frame wavelength range. We adopt broad priors on all attenuation parameters
and report the maximum posterior solution as the best fit, with optimal parameters listed
in Table 1. These values of the dust attenuation curve are broadly in agreement with those
found by [37] for JWST galaxies in the same redshift range as LRDs.

Table 1 Dust attenuation
parameters; MCMC modeling

Parameter Best-fit value

c1 16.480
c2 0.652
c3 0.989
Cq 0.01117
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7 Dust Emission

Our model requires a small amount of dust to attenuate the intrinsic DCBH spectrum, as
detailed in Sec. 2. It is thus warranted to check whether the emission from this small amount
of dust should be detectable.

In our model, the dust optical depth at rest-frame 1500 A is Ty500 ~ 3, corresponding
to Ay = 0.67 for our best-fit extinction curve. The total dust mass is

4712
My = Bl 500 = 4.3 71500 Mo, (3)
K1500

where k1500 = 1.26 x 10° cm?g~! is the dust mass absorption at 1500 A [63], and rg; = 3
pc. The dust will achieve a mean temperature given by [64]:

Loy \ M/ (+62) s
T, = (@Md> =305 T K, (4)
where 5
8 K158 k a
0= ﬁﬁ%@g(él“rﬁd)r(él‘i‘ﬁd)- ()
¢ vigs hp

The TR mass absorption coefficient, k, = k155(v/ u15g)5d is canonically pivoted at wave-
length A5 = c¢/v158 = 158 pm. We take k158 and B4 consistently with the adopted
extinction curve, i.e., kiss = 13.55cm?g™!, and B; = 2.0; ¢ and I' are the Zeta and
Gamma functions, respectively. Other symbols have the usual meaning. Hence, we find
© =5.33 x 1076.

Finally, we approximate the UV luminosity with the one predicted by our model
at 1500 A, ie., Lyy =~ Lis0. From the (unattenuated) flux, Ff\’bs(lf)OOA) ~ 2 X
107 Y erg st em™2 A=1 (see Fig. 3), we find

4rd? (2) .
Lisoo = 1500 A =L 2 pobs — 1 5 % 103 -1 6
1500 (1 i z) by X ergs -, ( )

where dy, is the luminosity distance to z = 5.28 appropriate for RUBIES-EGS 42046. With
these assumptions, from Eq. 4 we obtain Ty = 254 K for 71500 =~ 3. The dust emission peaks
at a rest-frame wavelength A\, = 11.5 pum. The corresponding flux at Ap(1+2) = 72.2 pm is

1 Ly, Mgk, By, (Ta)
(1+2) 4nd2 (1 +2)di(2)

Fobs = = 78.4 nJy. (7)

Due to the small dust mass involved (12.9Mg) and the resulting far-infrared peak at
long wavelengths, the predicted dust continuum emission lies well below the sensitivity of
current facilities. Moreover, the corresponding Rayleigh-Jeans tail at sub-mm wavelengths
remains consistent with existing upper limits on the dust content of LRDs derived from
deep observations [49].

8 Accretion Flow Thermal Balance

Gas falling onto the central DCBH is compressionally heated and cooled by radiative pro-
cesses, such as Lya, free-free, and recombination cooling. The actual temperature profile
is obtained by balancing heating and cooling rates. These can be simply estimated if one
assumes classical isothermal Bondi accretion. In that case, the heating rate is

Py = 2 L gy 0
rg  x2dx
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where = r/rp if the radius normalized to the Bondi radius, rg, of the DCBH; y(x) =
A/ [2?u(z)], where A = (1/4)e®/? = 1.12 is the Bondi accretion solution eigenvalue, and
u(z) is the velocity profile. In the inner regions, the Bondi solution is u(x) ~ z71/2 hence

3 Poo 1
[(z) = SAd—=>=—. (9)
2 rB X

Here, ¢s ~ 15 km s™! and ps = pmpyny ~ (5 — 10)m, g cm™> are the gas sound speed
and density at infinity (molecular weight p = 1.22 for a primordial gas composition), whose
values are taken from the RHD profiles in Fig. 1.

The most important cooling process at T = 10*~® K is Ly« collisional excitation. How-
ever, due to the very large H1 column density of the system, Lya photons are completely
trapped, and the associated energy losses are negligible. In these conditions, we then assume

that cooling is provided by free-free radiation, whose cooling rate [erg s=! cm™3] is, recalling
that for the Bondi solution p(x) ~ 2=3/2,
1
L =142 x107"VTnen, = 142 x 10722 22(T)WWT = . (10)
x

where the ionization fraction is defined in terms of the electron or proton densities x.(T') =
Ne /Moo & Np/Noo-

We first note that I' and £ have the same radial dependence (~ z73). This makes the
temperature profile approximately constant. The gas temperature is obtained by equating
the heating and cooling rates. With this procedure, we find that the equilibrium temperature
is T = 1.73 x 10502 K, or in the range (1.7 — 6.9) x 10* K. Given the uncertainties and
the approximations made, we adopt a fiducial value T = 4 x 10* K when computing the
emerging DCBH spectrum for LRDs.
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