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ABSTRACT
Since the launch of James Webb Space Telescope (JWST) in late 2021, our understanding of high-

redshift objects has faced several upheavals. JWST has discovered much more massive galaxies and
supermassive black holes (SMBH) than cosmological models had expected. Furthermore, JWST
observations have revealed an entirely novel population of high-redshift objects. Characterized by a
dominant red rest-frame component and point-like morphology, these “little red dots” (LRD) have
set off a flurry of observational and theoretical follow-up. The current identity of LRD is highly
debated, yet falling into two main scenarios: active galactic nuclei (i.e., SMBH) or compact star-
forming regions. If star-forming, LRD would represent the highest stellar densities ever observed.
If SMBH, their high Eddington fractions, and already high masses, help elucidate the growth of
the most massive SMBH found by JWST in the early Universe (z ≳ 4). In this mini-review, we
present the observational evidence accumulated to date, including sub-millimeter probes of LRD
dust masses, constraints on radio and X-ray emission from stacking, and rest-frame ultraviolet &
optical measurements provided by JWST. Furthermore, we highlight how identifying additional
LRD that are truly primarily SMBH-driven may help to shed light on the formation of ‘overly
massive’ SMBH discovered by JWST within the first billion years since the Big Bang.
Keywords: Little Red Dots, Supermassive Black Holes, JWST, AGN, Super-Eddington Accretion, Supermassive Stars, Direct Collapse

Black Holes, Primordial Black Holes

1 INTRODUCTION

Since the launch of James Webb Space Telescope (JWST; Gardner et al. 2023; McElwain et al.
2023) ∼four years ago, JWST has discovered an increasing population of supermassive black holes
(SMBH) that challenge the current paradigm of black hole formation and growth (Jacak 2025 and
see the recent review Harikane 2025). Specifically, JWST-discovered SMBH are far more massive
than expected to be present at such high redshifts (∼billion solar mass black holes are present
within the first billion years after the Big Bang), suggesting much more rapid formation than
would be possible for Pop III stars accreting at the Eddington limit (Kiyuna 2025 and see the
∼recent reviews Inayoshi et al. 2020; Volonteri et al. 2021; Jeon et al. 2025a).
Instead, these ‘overly’ massive SMBH may have formed through Eddington-limited accretion from

heavy seeds, such as direct collapse black holes from atomic cooling halos and supermassive stars
(Kiyuna et al., 2024; Lu et al., 2024; Jeon et al., 2025b), or primordial black holes (Delos et al., 2024;
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Riotto and Silk, 2025; Carr and Green, 2025). Alternatively, these SMBH may have formed through
hierarchical merging of light seed black holes in active galactic nucleus (AGN) disks (Vaccaro et al.,
2024), in dense nuclear or globular star clusters (Kritos et al., 2025; Lahén et al., 2025) or had their
growth rates boosted beyond the Bondi rate (and Eddington limit) via fuzzy dark matter soliton
cores (Chiu et al., 2025).

Clearly, much uncertainty exists regarding precisely how SMBH grew so rapidly in the early
universe. Perhaps the best way to uncover the physical mechanism by which these black holes
formed is to find the extension of such a population at high-redshifts that are growing at lower
luminosities. Such an intermediate mass population will help to illuminate the seed masses (Akins
et al., 2025b); moreover, constraints on the accretion rates of such intermediate objects will help
understand what seed masses are required for the requisite rapid growth to the observed SMBH
masses.

Possibly constituting such intermediate mass SMBH in an active state, little red dots (LRD)
describe a typically high-redshift population with compact morphology, broad ∼1000s km/s Hα
line widths (Kocevski et al., 2024; Zhang et al., 2025), and simultaneously blue ultraviolet (UV)
continua yet red optical colors (Setton et al., 2024; Hviding et al., 2025). Originally, LRD were
detected for redshifts 4.2 < z < 5.5 (Matthee et al., 2024); however, additional JWST observations
have uncovered a larger population of LRD extending from redshifts 3 < z < 10 (Labbe et al., 2024;
Graham et al., 2025). In addition to a growing population of LRD characterized by JWST, LRD
have been investigated by increasingly deep multiwavelength campaigns stretching from radio to
X-ray bands.

In this mini-review, we highlight the findings of the most recent LRD observations across the
electromagnetic spectrum with a focus on identifying the physical origins of LRD. In section 2
we contextualize the discovery of LRD with respect to the first few JWST surveys performed.
Subsequently, in section 3, we discuss additional multi-wavelength studies that round out the
characterization of LRD. Synthesizing the observations detailed in prior sections, in section 4, we
discuss theoretical interpretations of LRD that claim to explain the observed properties of LRD.
Finally, we zoom-out and discuss the state of the field of LRD origins more broadly, along with the
future directions that can more conclusively end the controversy in section 5. Understanding these
mechanisms is crucial for accurately interpreting high-redshift observations and for uncovering how
the first SMBHs originated.

2 LRD DISCOVERY THROUGH THE LENS OF JWST SURVEYS

Some of the first images from JWST, utilizing the Near Infrared Camera (NIRCam; Rieke et al.,
2023), through the Cosmic Evolution Early Release Science program (CEERS; Finkelstein et al.,
2023), were found to contain very red galaxies (e.g., Endsley et al. 2023; Labbé et al. 2023; Onoue
et al. 2023) implying high-redshift galaxies much more massive than expected from the current
cosmological paradigm Λ Cold Dark Matter (CDM; Boylan-Kolchin 2023; Ferrara et al. 2023; Lovell
et al. 2023.

Consideration of the longer wavelength properties of these red objects with the Mid-Infrared
Instrument (MIRI; Argyriou et al., 2023) and spectra collected with the Near-Infrared Spectrograph
(NIRSpec; Bagnasco et al., 2007) resulted in lower mass estimates, while identifying very broad
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Balmer line emission and a V-shaped spectral energy distribution (SED): simultaneous blue rest-
frame UV and red rest-frame optical colors (Carnall et al., 2023; Kocevski et al., 2023; Barro et al.,
2024). However, extremely large equivalent widths of the Balmer emission lines suggested a stellar
component may contribute a significant fraction to the otherwise clear signature of AGN activity
(Carnall et al., 2023).

Although a small fraction of these red objects were later found to be foreground brown dwarfs,
a larger sample of low-luminosity red objects at high-redshift with a characteristic v-shaped SED,
point-like morphology, and broad Balmer lines (Furtak et al., 2023; Greene et al., 2024; Labbe
et al., 2024) were discovered through the Ultradeep NIRSpec and NIRCam Observations before the
Epoch of Reionization (UNCOVER; Bezanson et al., 2024)) program. Combining deep NIRCam
photometric and wide-field slitless spectroscopy (WFSS; grism) observations from the EIGER
(Kashino et al., 2023) and FRESCO (Oesch et al., 2023) surveys, Matthee et al. (2024) coined
the term ‘little red dots’ (LRD) to explain the surprisingly abundant population: about 1% of
galaxies at redshift z > 5 were found to host LRD, while the number density 10−5 per cMpc−3 (co-
moving cubic Mega-parsec) is 10-100 times larger than expected by extrapolating the UV luminosity
function.

Following up on the primarily photometric surveys that incidentally contained little red dots,
the Red Unknowns: Bright Infrared Extragalactic Survey (RUBIES; De Graaff et al. 2025), was
designed to specifically investigate LRD through a homogeneous spectroscopic survey. Utilizing
NIRSpec and covering cosmic noon (z ∼2) and earlier, RUBIES has revealed that LRD show a
spectroscopic link between three defining characteristics: broad Balmer lines, a rest-optical point
source, and a v-shaped continuum, across 1500 galaxies studied (Hviding et al., 2025).

The characteristic bimodal spectral energy distribution was confirmed spectroscopically as one
of the defining characteristics of LRD (Hviding et al., 2025). In Figure 1, we present three
complementary RUBIES diagnostics. First, the βUV–βopt plane shows compact red sources in a
tight locus distinct from the parent sample. Second, an Euler diagram quantifies the strong overlap
among the three LRD criteria—broad Balmer lines, a dominant rest-optical point source, and a
V-shaped continuum. Third, demographics linking redshift to JWST photometric filter flux ratio
ratio F356W/F444W and UV absolute magnitude MUV to LHα indicate that LRD are UV-faint at
fixed LHα yet dominate among the most extreme Hα emitters. Taken together, these diagnostics tie
the characteristic blue-UV/red-optical SED to an unresolved structure and broad Balmer emission,
consistent with compact, partly obscured accretion.

3 OBSERVATIONAL CONSTRAINTS ON LRD

Studying the rest-frame UV of LRD, detections of the high-ionization coronal line [FeX] strongly
suggest an AGN nature (Kocevski et al., 2023; Furtak et al., 2024). On the other hand, non-detections of
HeII emission lines in the far UV (FUV) and MgII are more consistent with photoionization by massive
stars (Akins et al., 2024). Additionally, a Balmer break, observed for many LRD, typically suggests an aged
stellar population, though it is not universal (Akins et al., 2024). On the other hand, detections of strong C
iv, marginal He ii and [Fe x], together with broad Hα all combined strongly support an AGN interpretation
(Inayoshi and Maiolino, 2025).

As early as 2024, it was reasoned that (most) LRD dust masses must be quite limited < 104−5M⊙
due to their compact sizes yet relatively low mass available for attenuation (Casey et al., 2024). Indeed,
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deep NOEMA observations of z > 7 LRD (Xiao et al., 2025) as well as multi-band Atacama Large
Millimeter/Submillimeter Array (ALMA; Wootten and Thompson, 2009) observations of a couple of the
brightest LRD known resulted in stringent non-detections (Setton et al., 2025). Observations of a larger
sample (∼ 60) LRD with ALMA in the 1.3 mm continuum band similarly resulted in no detections, even
with stacking, suggesting LRD either have modest dust reservoirs (Av ∼ 2− 4) or otherwise very dense gas
109 cm−3 causes the obscuration. The paucity of dust in LRD extends to a broader range of wavelengths in
the far-IR and sub-mm: LRD observations in the rest-frame IR in Spitzer/MIPS 24 µm, JCMT/SCUBA-2
850 µm, ALMA 1.2 & 2.0 mm, and MeerKAT/VLA 1.3 & 3.0 GHz all resulted in non-detections (Bao et al.,
2025).

Consistent with non-detections at redder wavelengths, Brooks et al. (2025) investigated the dust
attenuation of Balmer narrow-line emission and broad-line signatures in 29 z > 3.5 AGN selected from JWST
surveys (CEERS, JADES, and RUBIES). The narrow-line emission is consistent with no dust attenuation,
which Brooks et al. (2025) consider to be consistent with star formation at larger scales in the galaxy. They
place a lower limit on the dust attenuation Av > 3.6 due to non-detection (< 3σ) of the broad Hβ line even
after stacking 25 of their sources, which they say is consistent with a dust-obscured AGN.

Multi-wavelength observations resulting in non-detections have extended to an increasingly larger sample
of LRD. Studying 434 LRD in the JWST COSMOS-Web survey, Akins et al. (2025b) find no detections,
even when stacking, in X-ray, mid-IR, far-IR/submillimeter, and radio bands. Their non-detections are
consistent with prior work of smaller samples that found LRD are not detected, or quite weakly emitting,
in X-ray (Ananna et al., 2024; Yue et al., 2024; Maiolino et al., 2025) and in radio (Mazzolari et al., 2024;
Perger et al., 2025; Gloudemans et al., 2025).

4 THEORETICAL INTERPRETATIONS

We next consider how LRD spectral properties arise and why AGN and stellar interpretations can both
appear. Forward modeling shows that an AGN continuum filtered by dense nearly dust free gas can generate a
strong Balmer break and broad Balmer lines while leaving the UV relatively blue, a combination that matches
several spectroscopic LRD with tentative variability present (2.6σ; D’Eugenio et al., 2025). In particular, the
inclusion of mid-IR and redder data (from MIRI & ALMA) has led to mixed results. While the red optical
and near-IR data can be fit by an obscured accretion disk with scattered AGN light (Lambrides et al., 2024;
Pacucci and Narayan, 2024; Madau, 2025), stellar-dominated (even starburst) models provide improved fits
(Pérez-González et al., 2024; Carranza-Escudero et al., 2025). Moreover, the concerns that a stellar nature of
LRD is inconsistent with the maximal brightness surface density in the local universe (Hopkins et al., 2010),
is alleviated due to MIRI and ALMA observations decreasing the requisite stellar mass (Williams et al.,
2024). On the other hand, recent analysis of LRD from the JWST Advanced Deep Extragalactic Survey
(JADES; Eisenstein et al., 2023) with NIRCam and MIRI photometry suggest one LRD with a 2% AGN
contribution to the luminosity, one completely star-forming, and the rest with 20-70% contributions from
AGN (Durodola et al., 2025). Similarly, recent analysis of MIRI data increases the fit for stellar components,
reducing the number of AGN-only solutions without eliminating AGN altogether (Furtak et al., 2025).

To explain the paucity of radio, X-ray, and far-IR/sub-mm emission, modeling work has extended beyond
the standard models of AGN. Quasi star or black hole envelope models predict compact very red sources
with strong Balmer features during specific evolutionary phases that overlap LRD selections, suggesting
some LRD may represent heavy seeds in formation (Begelman and Dexter, 2025; Durodola et al., 2025).
Black hole envelopes embedded in dense gas can also reproduce red continua and strong lines in a way
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that mimics faint AGN (Kido et al., 2025; Naidu et al., 2025). On the other hand, simulations of collapsing
clusters predict enhanced tidal disruption activity and luminous transients that can generate broad lines and
variable continua in compact systems, offering another channel that suggests a non-standard AGN origin
of LRD with rapid black hole growth in cluster cores (Bellovary, 2025). Dusty inflow models explain very
red rest-optical colors and broad absorption and predict that mid-IR observations should be constraining
(Li et al., 2025). Simulations of high redshift environments indicate that compact AGN can arise in gas
rich protoclusters where repeated fueling and multiphase outflows sculpt line profiles and continuum shape
(Kannan et al., 2025). Observations of multiphase outflows around z ∼ 5 quasars show that such winds can
be common and energetic, which supports the idea that some LRD reflect wind-bearing accretion states
rather than aged stellar populations (Brazzini et al., 2025). These models collectively predict that modest
changes in geometry, column density, and recent fueling history can toggle an object between apparently
AGN-like and stellar-like diagnostics, which explains why LRD form a mixed class.

Considering a multiply imaged LRD at redshift 7 from UNCOVER, Furtak et al. (2025) investigated time
variability, leveraging lensing time delays of 22 years (rest-frame ∼ 3 yr). Finding significant variability in
Hα and Hβ lines, Furtak et al. (2023) confirmed the AGN nature of this LRD. We show Furtak et al.
(2025) their figure 1 in Figure 2. Clearly, the Hα and Hβ line fluxes have evolved significantly from epoch
7 (marked in blue) to epoch 8 (marked in green). This constitutes strong AGN evidence for several reasons.
First, the Balmer lines are very broad (FWHM a few 103kms−1), which requires the high velocities of gas
near a black hole and cannot be produced by normal star-forming H ii regions. The line fluxes and profiles
vary on rest-frame ∼year timescales, the expected behavior of a compact broad-line region responding to a
changing ionizing source. Since the spectra are normalized and the multiple images are separated by known
lensing delays, the differences cannot be due to calibration or lensing and must be intrinsic. Photometric
non-variability does not contradict this result, since AGN continuum variability is stochastic and can be
modest over the sampled interval.

5 DISCUSSION AND CONCLUSION

Despite recent progress, many caveats surround the work performed to-date attempting to identify the nature
of individual LRD. Many LRD are X-ray and radio quiet even in stacks, which could be consistent with heavy
obscuration and low coronal efficiency (as expected from super-Eddington accretion models; Secunda et al.
2025) or purely stellar solutions; stellar templates fit a large fraction or LRD with mid-IR data included
(Hainline et al., 2025). Radio and X-ray constraints specific to compact high redshift sources show that
non detections do not rule out accretion for the luminosities expected from thick trapping dominated flows,
which raises the need for sensitive follow up tuned to low efficiency spectra rather than relying on shallow
stacks (Latif et al., 2025). Deeper observations in radio bands may uncover a tail of detections if even a
minority of LRD host jets or compact cores, which provides a near-term observational test of the mixed
population picture (Latif and Whalen, 2025).

Completeness studies for obscured narrow line AGN show that color cuts and emission line thresholds can
miss faint or partially obscured accretors, which implies that some LRD-like systems may be absent from
current AGN catalogs and that selection bias can skew interpretations (Bouwens et al., 2025; Scholtz et al.,
2025).

Ultimately, LRD likely comprise both genuine rapidly growing black holes and compact star-forming
systems, and resolving their roles in early black hole demographics will require deeper mid-IR coverage,
higher signal to noise spectroscopy that targets both Balmer and high ionization UV lines, and radio and
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X-ray follow up that is matched to the efficiencies expected for thick discs rather than thin ones (Akins
et al., 2025a).

In particular, measuring time variability would provide ‘smoking-gun’ evidence for an AGN nature of
individual LRD. As most LRD are not multiply imaged as in the target of Furtak et al. (2025), collecting
additional epochs of LRD photometric and spectroscopic measurements extending several years will be
necessary. The upcoming TWINKLE campaign (JWST Proposal Cycle 4, ID 7404PI, PI: Naidu) will be the
next possibility to find variability in the Balmer emission line fluxes. While expensive, deeper observations
of truly AGN-generating LRD will be crucial to better understand the assembly of supermassive black holes
within the first billion years from the Big Bang.
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Figure 1. Adapted from Hviding et al. (2025), their Figures 6, 7, and 8 to composite the RUBIES
diagnostics for Little Red Dots. In the upper left ‘corner’ plot and upper-middle plot, the βUV–
βopt maps show where sources with broad Balmer lines, unresolved rest-optical point sources, and
V-shaped continua sit relative to all zspec > 3.1 objects. In the upper right, the two heatmaps
respectively show the photometric flux in two filters for high vs. low redshift sources (threshold
z = 5) as a function of spectroscopic redshift, and the spectroscopically derived UV absolute
magnitude versus the Hα luminosity. Those two heatmaps show LRD are UV-faint at fixed LHα
and dominate the most Hα-luminous objects at fixed MUV (F356W for zspec ≤ 5; F444W for
zspec > 5). Below, the Euler diagram and bar plot show that having a point source and a V-
shape implies ∼80 percent odds of a broad line. Together, the RUBIES survey demonstrate that
combining color-slope, compact-morphology, and spectroscopic-shape cuts can define LRD as a
population (Hviding et al., 2025).
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Figure 2. Figure credit: Lukas Furtak and Adi Zitrin, as adapted from Furtak et al. (2025), their
Figure 1. This figure provides direct spectroscopic evidence for accretion in the little red dot A2744-
QSO1. JWST/NIRSpec-prism observations of the multiply imaged source A2744-QSO1 at multiple
epochs capture the full Balmer region and reveal broad Hα and Hβ and their variability. After
placing the spectra on a common reference and scaling line profiles by the local continua, the broad
shapes persist while only modest equivalent-width changes remain, which is consistent with AGN
variability. These measurements show that some LRD host broad-line regions even when continuum
variability is weak, supporting an interpretation in which at least part of the LRD population traces
active black hole growth (Furtak et al., 2025).
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