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Abstract

Luminous broad Ha emission and red rest-optical spectral energy distributions (SEDs) are the hallmark of
compact little red dots (LRDs), implying highly attenuated dusty starbursts and/or obscured active galactic nuclei
(AGN). However, the lack of observed far-infrared (FIR) emission has proved difficult to reconcile with the
implied attenuated luminosity in these models. Here, we utilize deep new Atacama Large Millimeter/
submillimeter Array imaging, new and existing JWST/MIRI imaging, and archival Spitzer/Herschel imaging of
two of the rest-optically brightest LRDs (z=3.1 and z=4.47) to place the strongest constraints on the IR
luminosity in LRDs to date. The detections at A\ = 1-4 um imply flat slopes in the rest-IR, ruling out a
contribution from hot (7' 2 500 K) dust. Similarly, FIR nondetections rule out any appreciable cold (T' < 75 K)
dust component. Assuming energy balance, these observations are inconsistent with the typical FIR dust emission
of dusty starbursts and quasar tori, which usually show a mixture of cold and hot dust. Additionally, our [CII]
nondetections rule out typical dusty starbursts. We compute empirical maximum IR SEDs and find that both
LRDs must have log(Lir/Ls) < 12.2 at the 30 level. These limits are in tension with the predictions of rest-
optical spectrophotometric fits, be they galaxy-only, AGN-only, or composite. It is unlikely that LRDs are highly
dust-reddened intrinsically blue sources with a dust temperature distribution that conspires to avoid current
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observing facilities. Rather, we favor an intrinsically redder LRD SED model that alleviates the need for strong

dust attenuation.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); High-redshift galaxies (734); Galaxy

evolution (594); Far infrared astronomy (529)

1. Introduction

One of the central mysteries of the early JWST era has been
the population of compact red sources that have been dubbed
“little red dots” (LRDs; J. Matthee et al. 2024). While a number
of LRD selections that identify a range of compact red objects
with varying physical properties are employed in the literature
(e.g., G. Barro et al. 2024a; J. E. Greene et al. 2024; V. Kokorev
et al. 2024; P. G. Pérez-Gonzalez et al. 2024; D. D. Kocevski
et al. 2025), in this work, we are specifically interested in the
population of sources with a characteristic “V-shaped” trans-
ition between the rest-optical and red continuum that tends to be
associated with the Balmer limit (e.g., I. Labbe et al. 2024;
Y. Ma et al. 2025; D. J. Setton et al. 2024; B. Wang et al. 2024a;
X. Ji et al. 2025), broad and luminous Balmer emission (which
is often attributed to an active galactic nucleus, AGN, broad-line
region; e.g., V. Kokorev et al. 2023; J. E. Greene et al. 2024;
M. Killi et al. 2024; J. Matthee et al. 2024; D. D. Kocevski
et al. 2025), and unresolved rest-optical continuum emission
(e.g., L. J. Furtak et al. 2023a; J. E. Greene et al. 2024,
J. Matthee et al. 2024; 1. Labbe et al. 2025).

These sources have a high number density (p ~ 10~ cMpc ™
at 4 < z < 8; H. B. Akins et al. 2024; J. E. Greene et al. 2024,
V. Kokorev et al. 2024; J. Matthee et al. 2024; A. J. Taylor
et al. 2025; D. D. Kocevski et al. 2025), making understanding
their properties crucial to the study of galaxy and AGN
evolution. However, there has been no clear consensus on the
engine that powers their luminous red continua. Because of the
extremely red colors of LRDs, essentially every model of their
light invokes a highly reddened galaxy (e.g., H. B. Akins et al.
2023, 2024; J. F. W. Baggen et al. 2023, 2024; 1. Labbé et al.
2023; G. Barro et al. 2024b; P. G. Pérez-Gonzalez et al. 2024,
P. Rinaldi et al. 2024; C. C. Williams et al. 2024), a highly
reddened quasar (e.g, H. B. Akins et al. 2024; G. Barro et al.
2024b; J. E. Greene et al. 2024; P. Rinaldi et al. 2024; X. Ji
et al. 2025; D. D. Kocevski et al. 2025; 1. Labbe et al. 2025;
Z. Li et al. 2025), or composite models that are a combination of
the two components (G. Barro et al. 2024a; E. Iani et al. 2025;
I. Juodzbalis et al. 2024; G. C. K. Leung et al. 2024; Y. Ma
et al. 2025; B. Wang et al. 2024a, 2024b). While the specific
ingredients and details of these models vary, they all share the
common assumption that the engine of the LRD that ionizes the
broad lines is intrinsically blue and that the red color comes
from the attenuation of that engine.

Because highly reddened sources reemit their attenuated
luminosity as dust emission in the infrared (IR), there has been
considerable interest in constraining the IR properties of
LRDs. However, the observed properties of small samples
have in some ways made the LRD spectral energy distribution
(SED) more confusing. Spatially extended red sources at
2 < z < 7 that occupy a similar color space to LRDs are
commonly detected at 1.2 mm, indicating that cold dust is
emitting reprocessed UV radiation. In contrast, LRDs are
never detected at 1.2 mm, even in stacks (C. C. Williams et al.
2024; 1. Labbe et al. 2025), casting doubt on the viability of
dusty starburst solutions. However, LRDs also lack the
characteristic steeply rising hot (7 2 500 K) dust emission at
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Arest ~ 1-5 pm commonly seen in AGN, whether in individual
luminous sources (G. Barro et al. 2024a; P. G. Pérez-Gonzélez
et al. 2024; B. Wang et al. 2024a) or in stacks (C. C. Williams
et al. 2024), meaning that if they are indeed reddened quasars,
they do not present similarly in the IR to dusty AGN seen
locally (e.g., M. Polletta et al. 2007) or at cosmic noon (e.g.,
E. Glikman et al. 2012; R. J. Assef et al. 2016; F. Hamann
et al. 2017; Y. Ma et al. 2024).

The most extensive stacking analysis of LRDs to date was
carried out in H. B. Akins et al. (2024), leveraging the wide
area of COSMOS-Web (C. M. Casey et al. 2023) to
photometrically select hundreds of LRDs at z = 5-9, many
of which were covered by MIRI imaging and legacy mid- and
far-IR (FIR) observations. Their stack consists entirely of
nondetections at A > 2 um, but it represents the best limits
on the maximal IR SED of a typical LRD. Z. Li et al. (2025)
use this stack to demonstrate that a physically extended dust
distribution that outputs the majority of its luminosity at
Arest = 10—100 pum could be consistent with energy balance
solutions of reddened quasars. Additionally, C. M. Casey et al.
(2024) argue that the compact sizes (and consequently, their
low dust masses) should indeed result in dust temperatures that
peak in that same wavelength range, with IR SEDs that remain
undetectable by submillimeter facilities like the Atacama
Large Millimeter/submillimeter Array (ALMA). While these
works represent an important step forward in constraining the
dust SED of LRDs, they are subject to all the usual limitations
of stacked analyses of heterogeneous samples, especially given
that the H. B. Akins et al. (2024) LRDs were selected only on
red color and compactness, not “V shape” or the explicit
detection of a broad line. Moreover, because the typical source
included in the stack is optically faint, the constraints on
Lir/Loptical are still quite weak for the ensemble population.

However, while the kinds of shallow mid-IR and FIR
observations of typical LRDs that have been achieved in
untargeted wide-field observations are not significantly con-
straining for energy balance, deep observations of the most
luminous individual LRDs still hold promise for constraining
the dust luminosity and temperature. In this work, we present
new and existing deep MIRI and new ALMA observations of
two sources: UNCOVER-45924 (I. Labbe et al. 2024) and
RUBIES-BLAGN-1 (B. Wang et al. 2024a), two of the most
luminous LRDs identified to date, with vL, at rest-frame 1 pm
a factor of 10 brighter than the typical source included in the
H. B. Akins et al. (2024) stacks. Both targets have extensive
NIRCam photometric coverage, low- and medium-resolution
spectroscopy of their continuum and line emission, and
archival Spitzer and Herschel imaging (M. Dickinson et al.
2003; E. Egami et al. 2010; S. McNulty et al., in preparation),
marking them as the best candidates identified to date for this
kind of targeted follow-up.

This Letter is laid out as follows. In Section 2, we describe
the two sources studied in this work and present our new
observations. In Section 3, we compare the IR luminosity
predictions based on the SED fits presented in 1. Labbe et al.
(2024) and B. Wang et al. (2024a) to our new IR constraints,
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using established dust templates as well as simple blackbody
descriptions of the dust SED. Finally, in Section 4, we discuss
the implications of these constraints for our understanding of
the physical properties of LRDs. Throughout this work, we
adopt the best-fit cosmological parameters from the Wilkinson
Microwave Anisotropy Probe 9 yr results (G. Hinshaw et al.
2013; Hy = 69.32kms ' Mpc™', Q,, = 0.2865, and Q, =
0.7135), utilize a Chabrier initial mass function (G. Chabrier
2003), and quote AB magnitudes.

2. Data
2.1. The Two Most Ho-luminous LRDs in the Southern Sky

At the time of writing, there does not exist a study of LRDs
that have spectroscopically confirmed broad lines, high signal-
to-noise PRISM spectroscopy (spanning the characteristic “V
shape”), MIRI imaging (constraining the presence of hot dust),
and deep ALMA observations (constraining cold dust). The
goal of this work is to rectify that by unifying such observations
for two of the most luminous LRDs in the southern sky where
such panchromatic constraints are obtainable. To accomplish
this, in this work, we focus our study on A2744-45924 (1. Labbé
et al. 2023) and RUBIES-BLAGN-1 (B. Wang et al. 2024a),
which host highly luminous Ha (~10"* ergs™', before
applying any dust correction) and are bright in the rest-optical
(mpgaaw ~ 22). The combination of these features makes them
the best targets for obtaining solid constraints on the mid-IR and
FIR properties of this puzzling population.

At 7=4.4655 and with ;¢ = 1.7 (L. J. Furtak et al. 2023b),
A2744-45924 is the brightest LRD in the A2744 field. The
source was first spectroscopically confirmed to have a broad
line in J. E. Greene et al. (2024), and full spectral modeling of
the source with a wide array of AGN and stellar models was
presented in I. Labbe et al. (2024). As a part of the UNCOVER
(JWST-GO #2561; PIs: Labbe and Bezanson; R. Bezanson
et al. 2024) and MegaScience (JWST-GO #4111; PI: Suess;
K. A. Suess et al. 2024) programs, the source has been
observed with all NIRCam broad and medium bands
(cataloged in J. R. Weaver et al. 2024), as well as with deep
NIRSpec PRISM spectroscopy (~16.3 hr; S. H. Price et al.
2025) and NIRCam/GRISM F365W spectroscopy that
observes Ha (ALT, JWST-GO #3516; R. P. Naidu et al.
2024). It is unresolved in the rest-optical, with a magnification-
corrected size of r, < 70pc in F200W, though at short
wavelengths, there is a secondary component seen in the bluest
NIRCam bands that is, if it is at that same redshift, separated
by ~700pc (I. Labbe et al. 2024). It is host to an extremely
broad (FWHM = 4500 km sfl) Ha component, and, addition-
ally, both redshifted and blueshifted narrow absorption is
detected at Av ~ 150km s~ relative to the systemic velocity
(I. Labbe et al. 2024). In addition to its highly luminous He,
A2744-45924 also hosts a wide range of extremely high-
equivalent-width UV emission lines (I. Labbe et al. 2024;
H. Treiber et al. 2025).

At z=3.1, RUBIES-BLAGN-1 is the most luminous LRD
in the UltraDeep Survey field, where it was observed in eight
NIRCam bands (FO90W, F115W, F150W, F200W, F277W,
F356W, F444W, and F410M) as well as two MIRI bands
(F770W and F1800W) as part of the PRIMER Survey
(C. T. Donnan et al. 2024). NIRSpec/PRISM and NIRSpec/
G395M spectroscopy was obtained as part of the RUBIES
program (JWST-GO #4233; PIs: de Graaff and Brammer;
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A. de Graaff et al. 2025) and was presented along with full
spectrophotometric modeling in B. Wang et al. (2024a). Even
at PRISM resolution, the Ho emission is clearly broad, and the
source also exhibits broad (FWHM ~ 4000 km sfl) Paé, Pav,
and Hel emission, with evidence for blueshifted Hel
absorption at Av = —210kms~' (B. Wang et al. 2024a).
The source was the first individual spectroscopically confirmed
LRD to be detected in MIRI, with a flat rest-frame 1-4 ym
color that showed no indication of a significant luminosity
contribution from hot torus dust.

2.2. Rest-optical SED Modeling

Previous works have modeled a number of high signal-to-
noise ratio (SNR) LRD UV /optical spectra with complementary
methods (I. Labbe et al. 2024; Y. Ma et al. 2025; B. Wang et al.
2024a, 2024b). They have used a range of star formation history
parameterizations to describe the possible contribution from
stars and a number of different power-law prescriptions to
describe a contribution from a standard AGN disk. In all cases,
it is possible to derive acceptable fits with a wide range of
mixtures between AGN and galaxy contribution, provided that
all UV-luminous components (be they AGN and star formation)
are significantly reddened by a very steep dust law. Producing
the observed red continuum and sharp transition of the “V
shape” at the Balmer limit always requires a significantly
reddened component that is intrinsically UV-luminous. This
reflects the vast majority of the work in the literature, which also
reaches conclusions that either highly luminous dust-obscured
AGN and/or starbursts are powering LRDs.

In this work, we directly utilize the best-fitting models for
A2744-45924 and RUBIES-BLAGN-1 from I. Labbe et al.
(2024) and B. Wang et al. (2024a). We refer the reader to these
works for the specific ingredients of each of these models, but in
practice, they function similarly by fitting galaxy-only, AGN-
only, or composite models to the observed spectra. In particular,
we utilize the predictions from these models for the total
attenuated luminosity, which should, under the assumption of
energy balance, be equal to the total IR luminosity. Despite the
range of physical ingredients for these models and the real
differences in the rest-optical spectral shape of the sources,
these models require a similar range of attenuated luminosity to
produce the sharp “V shape” and red continuum, predicting
highly luminous IR SEDs with log(Lig/Ls) = 12.3-12.8. We
note that G. Barro et al. (2024a) also performed SED fitting
analysis for RUBIES-BLAGN-1 and arrived at a similar
prediction for the total IR luminosity under the assumption of
energy balance.

To demonstrate the level of dust attenuation that these models
require (Ay = 2.4-3 mag in all models presented in I. Labbe
et al. 2024 and B. Wang et al. 2024a), in Figure 1, we show the
dereddened best-fitting composite AGN+galaxy model (blue)
from I. Labbe et al. (2024) in addition to the observed spectrum
(goldenrod). The best-fitting galaxy+AGN model predicts a
total attenuated luminosity of ~1.8 x 10" L., with ~90% of
that luminosity produced by the AGN component and the
remaining 10% coming from a reddened poststarburst galaxy
that produces the break and contributes to the red continuum.

Assuming these two LRDs are drawn from random viewing

angles such that (Z#emet) 1 this entire budget of attenuated

IR
luminosity should be reemitted by continuum dust emission
that peaks somewhere in the mid-IR/FIR, depending on the
dust temperature. In the next section, we utilize this as
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Figure 1. A demonstration of the fundamental assumption that goes into the vast majority of LRD models, using the composite model from I. Labbe et al. (2024) for
A2744-45924. In blue, we show the intrinsic, unattenuated galaxy+AGN model, which, via a combination of reddening and scattering, is observed in the rest-optical
as the NIRSpec/PRISM spectrum (orange). The total attenuated luminosities for both the galaxy and AGN components are listed in the bottom right. Assuming
energy balance, this model, and models like it, predict significant FIR output where the dust is being heated by the intrinsically blue engine of the LRD, regardless of

whether that engine is primarily driven by a starburst or an AGN.

Table 1
Observed Properties of the Two LRDs Studied in This Work

A2744-45924 RUBIES-BLAGN-1

Zspec 4.4655 3.1034

I 1.7 £ 0.2 1

Flux Density (uJy)

MIRI/F770W 89+ 04
MIRI/F1000W 8.6+ 0.3
MIRI/F1800W 13.0 £ 0.6
MIRI/F2100W 9.0 £ 0.9
Spitzer/MIPS 24 pim <30
Herschel /PACS 100 <1700 <1500
Herschel /PACS 160 <9200 <3300
ALMA /Band 9 <435
ALMA /Band 8 <132
ALMA /Band 7 <44
ALMA /Band 6 <125 <21
Luminosity (L)

Licm <2.7 x 107 <6.7 x 107
Luq 16.9 + 0.9 x 10° 8.9 £ 0.3 x 10°

Note. All fluxes are in observed units and have not been corrected for the
effects of lensing, but all luminosities have been. No measurements were
corrected for any assumed dust attenuation. All fluxes are in units of ©Jy, and
all luminosities are in units of L. All upper limits are quoted at the 3o level.

motivation for our follow-up observations to constrain this
predicted dust distribution across a wide range of assumed
temperatures.

2.3. IR Constraints

Given that models make clear predictions for the IR
luminosity but are agnostic to the specific dust temperature

or composition, we conduct a wide search for reprocessed dust
emission across wavelengths that are accessible to our current
observing facilities. In this section, we outline our motivation
for each IR data source, as well as our observing strategy in
reductions when new data were taken. All the measurements
from this subsection, along with published measurements of
interest, are presented in Table 1.

2.3.1. MIRI

Given that a reddened AGN is commonly invoked to model
the red continuum of LRDs (e.g., M. Onoue et al. 2023;
L. J. Furtak et al. 2024; Y. Ma et al. 2025; B. Wang et al.
2024a, 2024b; 1. Labbe et al. 2025), it stands to reason that the
host dust tori near the black hole that emit at A\ = 1 um
typically observed in reddened quasars (e.g., R. J. Assef et al.
2016; F. Hamann et al. 2017; S. E. 1. Bosman et al. 2024;
Y. Ma et al. 2024) would be seen in LRDs. However, to date,
rest-MIR detections have been consistent with the Rayleigh—
Jeans tail of an accretion disk without the need for an
additional hot dust component, even in stacks (H. B. Akins
et al. 2024; C. C. Williams et al. 2024). RUBIES-BLAGN-1
already has mid-IR imaging in the MIRI F770W and F1800W
filters (Arest ~ 1.5, 3.5 pm) from the PRIMER survey (JWST-
GO-1837), exhibiting no evidence for a hot dust torus
(B. Wang et al. 2024a). For our analysis, we utilize the fluxes
reported in that work, 8.9 £ 0.4 and 13.0 & 0.6 1Jy in F770W
and F1800W, respectively.

A2744-45924 was observed in MIRI/F1000W and MIRI/
F2100W on 2024 October 30 for 11 minutes in F1I000W and
30 minutes in F2100W as a part of JWST-GO #6761 (PIL:
Greene), with depths that were chosen to be able to detect a flat
continuum similar to what is seen in RUBIES-BLAGN-1 and
other LRDs (including those well fit with stellar continuum from
a poststarburst population alone; see C. C. Williams et al. 2024).
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Figure 2. 6” x 6" cutouts of A2744-45924 (top) and RUBIES-BLAGN-1 (bottom), showcasing the F444W imaging (A2744-45924: R. Bezanson et al. 2024;
J. R. Weaver et al. 2024; RUBIES-BLAGN-1: JWST-GO-1837; PI: Dunlop), as well as MIRI imaging (this program for A2744-45924, PRIMER for BRD-BLAGN-1)
and new FIR continuum imaging and spectroscopy obtained with ALMA. On the ALMA images, —2¢ and 20 contours are indicated as pink and gray, respectively, and
the beam is indicated with a blue ellipse. Both sources are detected in the mid-IR but not in the FIR. Additionally, neither source is significantly detected in [C II].

Our observations utilized the FASTR1 readout mode and four
dithers, with 60 groups and 150 groups per exposure in the
F1000W and F2100W filters, respectively, following the
SMILES survey strategy (S. Alberts et al. 2024). Data reduction
was performed using the JWST calibration pipeline v1.12.5 with
custom steps for warm pixel removal and iterative background
subtraction as described in S. Alberts et al. (2024), as well as the
masking of partially saturated pixels across subsequent dithers to
remove persistence artifacts (S. Alberts et al. 2025, in
preparation). Astrometry for the F1000W image was corrected
using the UNCOVER photometric catalog, and an astrometry-
corrected F1000W catalog was then used to correct the F2100W
image, to ensure the maximum number of matched high-SNR
detections.

Following S. Alberts et al. (2024), we measure the fluxes in
F1000W and F2100W using aperture sizes that enclose 65% of
the energy of a point source (r = 0.36 and 0'6, respectively),
which we correct to the total flux under the assumption that our
sources are unresolved. Rather than using the pipeline
uncertainty vector, we assume that the uncertainty in each
pixel is equal to the standard deviation of the full image. The
measured fluxes are 8.6 = 0.3 and 9.0 £ 0.9 pJy in F1000W
and F2100W, respectively. We present all MIRI images of
both sources in Figure 2.

2.3.2. ALMA

For both target LRDs, we carried out new ALMA
observations in two bands in project 2024.1.00826.S (PI:
J. Greene). One band targets the [CII] 158 ym line and
underlying rest-frame ~160 ym continuum emission, and the
other band targets the dust continuum emission at an observed
frequency that depends on the redshift of each source. For
A2744-45924, [C1I] falls in the ALMA Band 7 receiver
coverage at 347.82 GHz, and we also observed the continuum
at ~690 GHz in Band 9. For RUBIES-BLAGN-1, [C11] falls
in ALMA Band 8 at 463.15GHz, and we additionally
observed the continuum at ~240 GHz in Band 6. For the

[C1I] observations, the correlator was configured to provide
~3.74 GHz of contiguous bandwidth around the [CII] sky
frequency and 7.81 MHz channels; the alternate sideband used
31.25MHz channels. The continuum-only observations of
each target used the observatory-defined standard Band 9 or 6
continuum configurations.

Band 7 observations of A2744-45924 were executed on 2024
October 14 and 15 for a total on-source time of 97 minutes. The
array consisted of 47 or 48 antennas on baselines spanning
15-500 m, producing a ~0.7 synthesized beam with natural
visibility weighting. The continuum sensitivity with this
weighting is 14.4 uJy. We also produced [CII] cubes, which
reach a sensitivity of 110 Jy in 100kms™' channels. The
atmospheric transmission is smooth at the [C II] frequency, and
we verify that the quoted depth scales as expected for narrower
or wider velocity channels. The Band 9 observations were
carried out on 2024 October 13 for a total on-source time of
99 minutes in excellent weather conditions. With natural
weighting, the synthesized beam size is ~0.3 with 110 ply
sensitivity. In order to mitigate concerns that this high resolution
may resolve out any extended host galaxy emission, we also
apply a 0.4 Gaussian uv-taper; the resulting image has a ~0.55
synthesized beam and 145 pJy sensitivity. In Figure 2, we show
the Band 7 and Band 9 imaging for this source, with —2¢0 and
20 contours to indicate that the source is indeed not detected.

RUBIES-BLAGN-1 was observed in Band 8 on 2024
October 3 and 12 for a total of 198 minutes on-source with 47
and 44 antennas, respectively, and baselines ranging from 15
to 500 m. The synthesized beam with natural weighting is
~0.45, but we again apply a uv-taper to avoid resolving the
target galaxy. The sensitivities below use a 0.5 taper to reach
~0.75 angular resolution. The atmospheric transmission is
more challenging at the observed Band 8 frequencies, with two
main consequences. First, we discard half of the continuum
bandwidth in the upper sideband due to its proximity to a deep
telluric oxygen feature (placing the continuum coverage in the
lower sideband would have faced the same issue but with the
448 GHz water line). The continuum sensitivity in the tapered



THE ASTROPHYSICAL JOURNAL LETTERS, 991:L10 (13pp), 2025 September 20

image is 54 pJy. Second, the [C 1] sky frequency is close to a
narrow ozone line, resulting in ~35% worse sensitivity in a
100kms~' bandwidth centered at —30kms™'. The conse-
quence is that wider velocity channels include more data with
better transmission; the naturally weighted cubes reach
sensitivities of 330, 170, and 125 pJy for the 100, 300, and
500km s~} channels, respectively, at the expected [CII]
frequency. Band 6 observations were carried out on 2024
October 18 and 19 for 115 minutes on-source. With natural
visibility weighting, the synthesized beam is ~1.0, and the
data reach 7.0 pJy sensitivity. In Figure 2, we show the Band 6
and Band 8 imaging for this source, with —2¢ and 20 contours
to indicate that the source is indeed not detected.

We do not detect continuum or [C II] emission from either
source (see Figure 2). We place upper limits on the continuum
flux density using the rms of each image (tapered, as noted
above); this assumes the sources would be pointlike at the
resolution of the data. We extract [C II] spectra under the same
assumption (from the tapered cube, in the case of RUBIES-
BLAGN-1) by fitting for the amplitude of a 2D Gaussian
profile with the dimensions of the synthesized beam and the
centroid fixed to the phase center in each channel of the cubes.
We place upper limits on the integrated [C II] line luminosity
assuming a line width FWHM of 500 km s~! a conservative
choice that encompasses the possibility that the [C II] may be
quite wide if LRDs are indeed massive (e.g., J. F. W. Baggen
et al. 2024).

2.3.3. Ancillary FIR Data

As an additional constraint on the presence of hot dust in
RUBIES-BLAGN-1, we utilize existing deep Spitzer/MIPS
24 pm imaging (M. Dickinson et al. 2003) that does not detect
the source (G. Barro et al. 2024a; B. Wang et al. 2024a). As this
source is in 3D-HST catalogs, we utilize the flux and
uncertainty reported in K. E. Whitaker et al. (2014) to arrive
at a 3o upper limit of 30 pJy. To constrain the dust at rest-frame
~20-40 ym, we utilize existing Herschel/PACS 100 and
160 ym imaging of our sources, which, in contrast with typical
LRDs, are so luminous that these limits are relevant. For
RUBIES-BLAGN-1, we adopt the limits from the 3D-Herschel
project (S. McNulty et al., in preparation; NASA-ADAP-
80ONSSC20K0416). For A2744-45924, we utilize imaging from
the Herschel Lensing Survey (E. Egami et al. 2010). We obtain
reduced imaging products from the Herschel Science Archive
and perform a 2D sky subtraction with sky subtraction with the
Python library for Source Extraction and Photometry (SEP;
E. Bertin & S. Arnouts 1996; K. Barbary 2016). We measure
the flux and uncertainty in 4” and 6” apertures at the source
location and measure the total flux by multiplying by 2.5 and
using the local rms to estimate uncertainty. We do not detect
either image, and our 3¢ upper limits are 1.7 mJy and 9.2 mJy at
100 and 160 pm, respectively.

3. Analysis

3.1. Are LRDs Consistent with Standard Galaxy and AGN
Dust Emission SEDs?

The luminous LRDs we study in this work are characterized
by two distinct features in their rest-frame mid-IR and FIR SEDs:
they exhibit fairly flat colors from Ay = 1-4 pm, and they are
undetected in deep continuum imaging at Ay = 80-200 ym.
The weak Herschel limits at A\ = ~20 pum also constrain the
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Table 2
Predicted IR Luminosities Inferred from the Best-fitting Models in 1. Labbe
et al. (2024; A2744-45924) and B. Wang et al. (2024a; RUBIES-BLAGN-1)

Laenuatea (L) AGN Galaxy Total
A2744-45924

AGN only 3.6 x 10"

Galaxy only 7.9 x 10"
Composite 1.6 x 10" 2.0 x 10" 1.8 x 10"?
RUBIES-BLAGN-1

Galaxy only 1.7 x 10
Composite 3.4 x 10" 4.8 x 10° 3.4 x 10"

Note. All values for A2744-45924 are corrected for the effect of lensing.

maximum IR luminosity output in between these tighter JWST
and ALMA limits. Armed with these observations and the
predictions for the attenuated luminosity from the models
described in Section 2.2, in this section, we ask whether the
predicted IR luminosity can be consistent with observations if the
AGN and galaxy dust is emitted in standard SED models that can
describe the dust in such systems.

Dust in star-forming galaxies is generally dominated in mass
by cold grains that emit at 7 = 10-50K, with a hotter
component that includes significant emission from polycyclic
aromatic hydrocarbons (PAHs; e.g., B. T. Draine et al. 2007).
The dust distributions in AGN, in contrast, are thought to peak
at much shorter wavelengths due to large contributions from
dust near the AGN that is exposed to very hard radiation and
heated to T ~ 1000 K, with additional contributions from warm
dust (e.g., M. Nenkova et al. 2008; M. Stalevski et al. 2012).

Here, we set out to test whether such standard dust
temperature distributions, as implemented in templates widely
used in galaxy and AGN SED fitting, can be consistent with
our tight constraints on the LRD dust SED. For each model fit
to A2744-45924 and RUBIES-BLAGN-1 in I. Labbe et al.
(2024) and B. Wang et al. (2024a), respectively, we compute
the attenuated luminosity of starlight and AGN separately.
These values are shown in Table 2. We then assume that the
dust from the galaxy and AGN are emitted in standard dust
templates that we choose to maximize their chance of adhering
to the data. The ALMA nondetections imply that there cannot
be significant cold dust, so we employ a warm B. T. Draine
et al. (2007) template with Ui, = 25, v, = 1, and gpapg = 1
(corresponding to an average dust temperature of 45 K) to
represent galaxy dust. Similarly, the flat MIRI colors imply
that any contribution from hot dust must be minimal, so to
represent AGN dust, we adopt the coldest SKIRTOR
(M. Stalevski et al. 2012, 2016) torus model available in their
library, selecting the model that has the maximum fractional
energy output at A > 5 pm.

In Figure 3, we overplot these predicted dust SEDs on the
IR SEDs of A2744-45924 (top) and RUBIES-BLAGN-1
(bottom) for the galaxy-only model (left) and the composite
galaxy+AGN model (right). We show the total predicted SED
in black, and the scaled template galaxy dust and AGN dust
SEDs in blue and pink, respectively. Under the above
assumptions, it is clear that all of these standard models
violate some of our constraints when scaled with the IR
luminosity predictions from the rest-optical SED modeling.
The warm B. T. Draine et al. (2007) model is able to produce
the flat mid-IR colors but vastly overpredicts not only the
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Figure 3. The IR SEDs of A2744-45924 (top) and RUBIES-BLAGN-1 (bottom). Herschel PACS and SPIRE upper limits are shown as triangles, and the Spitzer/
MIPS 24 pum for RUBIES-BLAGN-1 is shown as a square. New MIRI and ALMA limits are shown as hexagons. Existing ALMA Band 6 data, in the case of A2744-
45924, are shown as circles. In the first row, we show the predictions for the IR SED using the galaxy-only fits from I. Labbe et al. (2024) and B. Wang et al. (2024a),
assuming the dust emits as a (Ty,s) = 45 K (B. T. Draine et al. 2007) template scaled to the attenuated luminosity (blue). On the right, we show the composite
models from the same work, with the attenuated luminosity of the galaxy component emitted in the same B. T. Draine et al. (2007) template and the attenuated AGN
emitted with the coldest SKIRTOR model (M. Stalevski et al. 2012, 2016; pink). In all cases, the total model is shown in black and is inconsistent with our new

constraints.

ALMA FIR limits but also the Herschel nondetections, and
reductions on the order of 0.5-1dex in the IR Iuminosity
predicted by the galaxy-only models would be necessary to
bring these SEDs into agreement with the FIR limits. In both
composite models, the attenuated AGN dominates the
reprocessed luminosity budget, and in both cases, the coldest
SKIRTOR SED still predicts too much hot dust and too much
cold dust to be consistent with our limits, and similar
reductions of >0.5dex in the IR Iuminosity would be
necessary to bring these models under all our limits.

Simply put, these standard dust SEDs emit at too wide a range
in dust temperatures to adhere to the limits imposed by our deep
data at the IR luminosities that are predicted by the standard
assumptions of models used in the vast majority of the literature
to describe LRDs. While the models fit in I. Labbe et al. (2024)
and B. Wang et al. (2024a) did not explicitly include these limits,

the model parameters (e.g., star formation rate, stellar mass,
AGN bolometric luminosity) would have to change dramatically
to fit the LRD SED without predicting this much IR luminosity.
However, due to their compact size, there is considerable reason
to believe that the LRD dust SED should not resemble the
standard dust SEDs employed here (C. M. Casey et al. 2024;
Z. Li et al. 2025). As such, in the following section, we explore
whether any nonparametric dust SEDs constructed from a series
of blackbodies can be consistent with the full suite of IR
observations in this work under the assumption of energy
balance.

3.2. Empirical Constraints on the IR Luminosity and Dust
Temperature

If the energy balance holds and the model of an intrinsically
blue source subjected to dust-reddening is correct, it is clear
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Figure 4. The full SEDs for A2744-45924 (top) and RUBIES-BLAGN-1 (bottom) containing all existing optical-FIR data, with existing NIRCAM photometry
shown as circles and NIRCam spectra shown in black. Herschel PACS and SPIRE upper limits are shown as triangles. New MIRI and ALMA limits are shown as
hexagons. The colored curves indicate the maximum contribution of single-temperature modified Ty,s, = 20, 30, 50, 130, 200, 320, 510, and 800 K blackbodies to
the 30 upper limit FIR SED. The nondetection of any rising dust at rest-frame 4 pm essentially rules out any significant luminosity contribution from hot
(T > 500 K) dust. Similarly, the ALMA nondetections rule out any significant contribution from cold (7" < 75 K) dust. Herschel nondetections place a ceiling of
~10"? L. in a warm component at 7 ~ 200 K. Also shown is the stacked maximal LRD SED from H. B. Akins et al. (2024; gray), scaled to the Ay = 0.6 um
luminosity of our sources, illustrating that our observations allow for a much narrower range of Lig/Lopsicar than their limits.

that the bolometric output in the FIR must emit at the specific
wavelengths where our current constraints are the worst
(Arest ~ 5-50 pm in the case of A2744-45924, 5-150 pym in the
case of RUBIES-BLAGN-1). However, given the considerable
systematic uncertainties and the long list of assumptions that
go into both the SED fitting of LRDs and the choices of the
dust SED templates, we now explore the empirical constraints
on the IR luminosity, independent of any model predictions for
the dust SED shape or the IR luminosity based on the energy
balance of the attenuated UV /optical emission.

In order to do so, we construct a maximal IR SED from a
series of nine modified blackbodies (with dust emissivity
0 = 2 and corrected for the effect of the cosmic microwave
background at the redshift of our sources following E. da
Cunha et al. 2013), logarithmically sampled between 20 and
800 K. Our results are not sensitive to the choice of dust
emissivity; we test = 1.5 and § = 2.5 and find no impact on
our constraints on the total IR luminosity. Using emcee
(D. Foreman-Mackey et al. 2013), we fit for the luminosities of
each of these blackbodies simultaneously but independently,
constraining our fits with all JWST/MIRI, Herschel /PACS,
and ALMA photometry at A > 3 um, where dust emission
should dominate whatever is producing the red continuum.
Nondetections are included as measurements of 0, with their
uncertainties set by the 1o flux limits. This is a conservative

estimate, especially with regard to the dust continuum
contribution at short wavelengths, where we neglect any
contribution from the LRD UV-optical continuum. In Figure 4,
we plot the entire observed SED for our LRDs in vL,, with
both the observed spectrum and photometry shown. In a series
of shaded curves, we show the individual contributions for
each of the blackbodies for the model that produces the 3o
total IR luminosity, with the sum of these components shown
as a solid line. Only warm (7 ~ 200 K) dust can produce any
appreciable IR luminosity; the ALMA observations comple-
tely rule out any significant cold (7' < 75 K) dust, and the mid-
IR observations similarly rule out the presence of hot
(T 2 500K) dust. This peak dust temperature is similar to
the temperature required to hide the predicted IR luminosity
for RUBIES-BLAGN-1 in G. Barro et al. (2024a).

We additionally show the stacked maximum LRD SED
from H. B. Akins et al. (2024), rescaled to the A = 0.6 um
luminosity of our sources, which are a factor of ~10 more
luminous than their typical source. We highlight that our
constraints on Lir/Lopicar for individual sources are signifi-
cantly deeper than those in their stacks, even if the intrinsic Lig
constraints are fairly comparable. The results of this fitting are
also summarized in Table 3, both in solar luminosity units and
normalized to VL, at Ay = 0.6 um to facilitate the use of
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Figure 5. (Top) The 3o upper limits of the maximum single-temperature modified blackbody luminosity that can be consistent with our new IR constraints for these
sources as a function of the dust temperature (see Section 3.2). The widths of the horizontal error bars denote the temperature range where 68% of the power of a
given blackbody is emitted. (Bottom) The posteriors for the maximum IR luminosity constrained in our fitting. We also show as dashed lines the attenuated
luminosity predictions for galaxy-only (blue) and galaxy+AGN composite (black) models from I. Labbe et al. (2024) and B. Wang et al. (2024a). The AGN-only
energy balance prediction for A2744-45924 is also shown in pink. In both cases, the models predict IR luminosities that either exceed or are right at the edge of what

is allowable by our panchromatic dust SED fitting.

Table 3
30 Upper Limits for the FIR SED of Our Sources

log(L) 20 K 30K 50 K 80 K 130 K 200 K 320 K 510K 800 K Total
A2744-45924

L/L <9.7 <9.9 <104 <10.9 <114 <11.7 <12.0 <11.2 <10.8 <122
Norm. at 0.6 pm <-13 <—1.0 <-0.5 <0.0 <0.5 <0.8 <1.1 <0.3 <-0.1 <1.2
RUBIES-BLAGN-1

L/L <9.6 <10.1 <10.7 <11.1 <11.8 <12.0 <11.4 <11.1 <10.8 <12.1
Norm. at 0.6 ym <—1.1 <-0.6 <-0.0 <0.4 <1.0 <1.3 <0.7 <0.3 <0.1 <14

Note. As fit in Section 3.2 and illustrated in Figures 4 and 5. For each source, we show the luminosity limit of each of the individual blackbodies included in the
fitting, as well as the constraint on the total IR luminosity. Additionally, we show the same limits normalized to the continuum vL, of each of the sources at

Arest = 0.6 pum.

these limits in LRDs that lack the same panchromatic SED
constraints.

In the top panels of Figure 5, we collapse this maximum
luminosity measurement into individual upper limits for the
integrated blackbody luminosity as a function of temperature,
again showing the 3o upper limits. The x-axis error bar

denotes the temperature range at which 50% of the power in a
given blackbody is emitted. In the bottom panels, we show the
posterior probability distribution for the total IR luminosity
that results from the combination of these curves. We
additionally annotate this figure with the total L,genyaea Values
from the models discussed in Section 2.2 and Table 2. All of
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the energy balance predictions for the emitted IR luminosity
either exceed or are very near the maximum allowed
luminosity under these very conservative empirical con-
straints. Furthermore, the highest luminosities are only
attainable if the dust essentially exclusively emits in a very
narrow range of temperatures, precisely where our data is the
least constraining. As such, we conclude that it is unlikely that
any of these models that rely heavily on a dust-attenuated blue
component are likely to be complete in their description of the
physics of the LRD engine.

3.3. [C11] SFR Limits

Independent of our energy balance analysis, the [CII]
nondetections in both sources can also constrain the star
formation rates in these systems, under the assumption that the
interstellar medium (ISM) conditions in LRDs are similar to
those in typical star-forming galaxies where these relations are
calibrated. Under this assumption, significant star formation is
also ruled out by the nondetection of [CII] in both sources.
Using the I. De Looze et al. (2014) relation for a wide diversity
of z ~ 0 galaxies, our 3¢ star formation rate (SFR) limits for
A2744-45924 and RUBIES-BLAGN-lare 34 M., yr '
and 8.1 M. yr ', respectively. If, instead, we adopt the
z > 6 calibration from D. Schaerer et al. (2020), the limits are
5.8 M. yr " and 12.1 M., yr'. These limits are far below the
star formation rates implied if one assumes that the Ha is
primarily driven by star formation; even without dust-correcting
the Ha luminosity, the R. C. Kennicutt (1998) relation
(corrected to a G. Chabrier 2003 initial mass function following
A. Muzzin et al. 2010) yields a star formation rate of 296
Moyr ' and 156 M. yr ' for A2744-45924 and RUBIES-
BLAGN-1, respectively. Star formation, whether or not it is
dust-obscured, must be minimal if these calibrations hold in
LRDs (see also M. Xiao et al. 2025).

Given the significant systematic uncertainty in the masses of
LRDs (e.g., B. Wang et al. 2024b), it is not entirely clear how to
interpret these limits in the context of the evolutionary stage of
the LRD host galaxy. All of the fits to A2744-45924 in 1. Labbe
et al. (2024) imply masses on the order of log(M, /M) ~ 11
assuming that the red continuum is dominated by starlight, and
the clustering of the system similarly implies a mass of
log(M,/M_) 2 10.2. In both cases, the SFR limits measured
here would imply that the host galaxies of the most luminous
LRDs are decidedly below the star-forming main sequence.
However, in models where the AGN is responsible for the red
continuum and the galaxy component is only responsible for the
UV, the inferred SFRs are significantly lower (e.g., the
composite model in B. Wang et al. 2024a, which constrains
the galaxy to have log(M,/My) ~ 9.5). The limits for
RUBIES-BLAGN-1 that we report here, in conjunction with
that mass, would imply a specific star formation rate of
<10783 yrfl, consistent with the fit.

4. Discussion and Conclusions

In this Letter, we show that there is serious tension between
the empirical IR SED limits of luminous LRDs and the
bolometric luminosity that is implied by high dust attenuation
in the rest-optical (under the assumption of energy balance).
This tension can only barely be resolved by tuning the dust
temperature distribution to emit at 7 = 100-300 K, with no
appreciable luminosity output in cold and hot dust reservoirs
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typically seen in dusty star-forming galaxies and AGN,
respectively. While such tightly peaked dust temperature
distributions for LRDs have been proposed in C. M. Casey
et al. (2024) and Z. Li et al. (2025) (and T ~ 100 K dust has
been observed in high-z dusty quasars; e.g., S. Fujimoto et al.
2022; R. Fernandez Aranda et al. 2025), the fact that even such
a distribution still has trouble being consistent with our data
for the IR luminosities predicted by models that invoke a
highly reddened blue LRD engine casts doubt on the validity
of those models.

Perhaps the most natural explanation for the discrepancy
between the predictions of energy balance and our FIR data is
that the energy balance does not hold: the attenuated
luminosity inferred from the rest-optical SED fitting does not
equal the FIR luminosity in LRDs. However, while it is easy to
imagine a scenario where the energy balance underpredicts the
total IR luminosity (optically thick dust that contributes to the
FIR SED while being totally invisible and unaccounted for in
the rest-optical SED fits), it is more difficult to imagine a
geometric configuration where the energy balance overpredicts
the IR luminosity.

Such a geometric configuration would mean that our
viewing angle is preferentially oriented such that the UV is
almost entirely eclipsed, but the dust covering fraction is low
enough that there is a significant range of sight lines where UV
emission can escape. This would imply an analogous
population of little blue dots that are comparably numerous
to the LRDs studied in this work. However, LRDs are roughly
a factor of 100x more numerous than UV-selected quasars
(J. E. Greene et al. 2024), making it difficult to imagine that
LRDs are all similarly luminous quasars that are being viewed
along a preferential line of sight that allows for the violation of
the energy balance. And if LRDs are star-forming, there is no
analogous UV population, as the vast majority of UV-bright
galaxies are clumpy and resolved (e.g., Y. Harikane et al.
2025). Therefore, we proceed under the assumption that the
energy balance holds.

Our tight constraints on the total IR luminosity and the dust
temperature distribution cast serious doubt on the presence of a
deeply dust-obscured starburst in these sources (as suggested in,
e.g., J. F. W. Baggen et al. 2024; P. G. Pérez-Gonzdlez et al.
2024). Despite their luminous He, they are undetected in [C 1],
leading to conservative limits on their SFRs of ~5.8 and
12.1 M, yr " in A2744-45924 and RUBIES-BLAGN-1, respec-
tively (and corroborating the growing body of evidence that
LRDs are significantly [C1I] underluminous relative to their
Balmer emission and SFR estimates inferred from SED fitting;
see M. Xiao et al. 2025). Furthermore, in both sources, there is
essentially no room for an IR energy output that is consistent
with a starburst, even if invoking highly constrained dust
temperature distributions that exclusively emit at ~150-300 K,
where our data are the least constraining. The combination of
undetected FIR emission and nondetected [C1I] implies that
dust-attenuated star formation cannot be contributing appreci-
ably to the red continuum in these luminous LRDs unless the
ISM is in a configuration where the dust exclusively emits at
~200 K, narrowly evading detection, and is inhospitable
to [C1I].

Given that highly dust-obscured starbursts are unlikely to be
consistent with the full LRD SED, it is probable that the red
continuum is produced by AGN accretion disk continuum,
which gives a natural explanation for the broad lines and
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growing evidence of variability in LRDs (L. J. Furtak et al.
2025; X. Ji et al. 2025). However, our data also disfavor any
solutions where the red rest-optical continuum is the result of a
dust-reddened standard AGN. The SED fitting solutions that
include an AGN component also predict IR luminosities that
are right at the edge of what is allowable by our limits, as
attenuating a standard AGN disk to match the red continuum
shape in LRDs requires a steep dust law that attenuates the
entirety of the intrinsic AGN UV emission.

Ultimately, reducing the high attenuated luminosity pro-
vides the most compelling resolution to the tension between
the IR predictions and the observed Lz limits in LRDs. The
LRD spectrum must already be redder than a standard AGN
disk or young stellar population before it sees any dust. One
proposed such model is an AGN embedded in dense T ~ 10* K
gas (K. Inayoshi & R. Maiolino 2025), attenuating the UV
with absorption by n=2 hydrogen rather than dust and
naturally producing a Balmer break without invoking evolved
stellar populations. However, in the implementation of such a
model to fit a z=7.3 LRD, the suppression of the far-UV by
the dense gas is modest, and significant attenuation (Ay ~ 2) is
still required to produce the observed red continuum shape
(X. Ji et al. 2025). If this same approach, applied to the highly
luminous LRDs in this Letter, can indeed result in a significant
(0.5 dex) reduction in the attenuated luminosity, the dust
SED could more comfortably fit under our IR limits without
requiring quite as tight a distribution in dust temperature. It
remains to be seen whether the combination of the sharp
Balmer break, highly luminous broad-line emission, weak UV,
and lack of mid-IR and FIR dust can be simultaneously
modeled by this physical picture in these luminous sources.

There is also the possibility that the assumption of an
intrinsically blue AGN or starburst that needs to be reddened
by a combination of dust and gas absorption is incorrect. If,
instead, the apparent spectrum of the accretion disk were
significantly redder, less reddening would be needed to match
the observed optical continuum. Such an SED is predicted by
super-Eddington accretion,with a geometrically thick disk that
emits at a lower effective temperature than a standard
accretion disk (M. A. Abramowicz et al. 1980; Y.-F. Jiang
et al. 2014, 2019; P. Madau 2025). Super-Eddington accretion
models also predict weak X-ray emission (D. Proga 2005;
Y.-F. Jiang et al. 2019), as is seen in LRDs (T. T. Ananna
et al. 2024; E. Lambrides et al. 2024; M. Yue et al. 2024).
However, to date, no full SED model of super-Eddington
accretion has been produced that can describe the LRD
spectrum, and it remains to be seen whether an intrinsically
redder AGN SED can simultaneously describe the “V shape”
and FIR limits while also accounting for the highly luminous
emission lines seen in our sources.

The observations presented in this work represent the most
complete SED constraints that are possible for LRDs at
z = 3-5 at present. The fact that highly luminous sources show
no evidence of dust continuum emission, at any temperature,
strains models that invoke a dust-attenuated blue engine to
explain the rest-optical. Given that no current models appear
consistent with our new constraints, these data also cast doubt
on the inferred properties of LRDs, including AGN bolometric
luminosities and black hole masses under the AGN interpreta-
tion or stellar masses and ages in galaxy models. Given that we
do not detect LRDs in the FIR, it is unlikely that these models
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will yield inferred physical properties that are accurate
in LRDs.

Ideally, we could make progress by drilling deeper at
Arest = 10-80 um in these systems, where our current IR
constraints are weakly constrained by ancillary Herschel data.
However, current telescope facilities lack the sensitivity to
constrain the IR luminosity at these warm temperatures. Next-
generation IR facilities like PRIMA (A. Moullet et al. 2023)
would have the required sensitivity to detect individual LRDs
at these wavelengths—if they are indeed host to warm dust
reservoirs. This advance would enable panchromatic SED
modeling to constrain the maximum IR luminosity of LRDs
beyond the upper limits that we report here.

However, such facilities will not be online for a long time.
In the meantime, lower-redshift analogs provide another path
forward. Existing facilities like JWST/MIRI can probe hot/
warm dust at A\ = 3-20 gm. It is unclear whether such
sources exist, and it appears that the LRD number density
drops precipitously below z ~ 4 (e.g., D. D. Kocevski et al.
2025), but it is urgent that we search large volumes given the
intense level of uncertainty in the dust content of these
systems. It is clear that the current class of LRD models that
assume an intrinsically blue engine (be it a starburst or a
standard AGN) that is strongly attenuated by dust are at the
edge of our limits for the maximum IR luminosity of LRDs. In
light of this, inferred properties based on lower-redshift
calibrations should be treated with skepticism until the drivers
of the panchromatic SEDs of these strange luminous sources
are understood.
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