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ABSTRACT

One of the most puzzling discoveries by JWST is the population of high-redshift, red, and compact

galaxies dubbed little red dots (LRDs). Based on broad-line diagnostics, these galaxies have been

argued to host accreting 107 − 108 M⊙ supermassive black holes (SMBHs), a claim with crucial con-

sequences for our understanding of how the first black holes form and grow over cosmic time. A key

feature of LRDs is their extreme X-ray weakness: analyses of individual and stacked sources have

yielded non-detections or only tentative, inconclusive X-ray signals, except for a handful of individ-

ual cases. As the most natural explanation, high obscuration, is disfavored by JWST spectroscopic

evidence, several authors have suggested that the X-ray weakness of LRDs is intrinsic, due to super-

Eddington accretion rates. In this work, we test that scenario by stacking X-ray data for 55 LRDs in

the Chandra Deep Field South, accumulating a total exposure time of nearly 400 Ms. Despite reaching

unprecedented X-ray depths, our stack still yields a non-detection. The corresponding upper limits

are deep enough to rule out current super-Eddington accretion models, and are compatible only with

extremely high levels of obscuration (NH ≳ 1025 cm−2). To explain the X-ray weakness of LRDs,

we therefore speculate that the SMBHs in these systems are neither as massive nor as luminous as

currently believed.
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1. INTRODUCTION

LRDs are high-redshift compact, red galaxies indepen-

dently discovered by JWST (Harikane et al. 2023; Koko-

rev et al. 2024; Greene et al. 2024; Matthee et al. 2024;

Kocevski et al. 2024; Labbe et al. 2025). These galax-

ies emerge at z ≈ 8, peak around z ≈ 6, and rapidly

disappears at z ≈ 4 (Kocevski et al. 2024). The ori-

gin of their emission is still debated, with the two main

interpretations being either intense star formation (e.g.

Baggen et al. 2024) or accretion onto 107 − 108 M⊙ su-

permassive black holes (SMBHs) (e.g. Kocevski et al.

2023; Greene et al. 2024).

If LRDs host very massive SMBHs (Kocevski et al.

2023; Greene et al. 2024), this has important impli-

cations for our understanding of SMBH origins and

growth. Such masses imply either that these SMBHs

arose from “heavy” seeds (Lodato & Natarajan 2006),

or from “light” seeds that grew at super-Eddington rates
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(Bromm & Loeb 2003). These SMBHs are also over-

massive with respect to their host galaxies. While the

masses of SMBHs are about 0.2% of their host galaxies

in the local universe (Magorrian et al. 1998; Reines &

Volonteri 2015), the mass of SMBHs in LRDs can be as

high as 10%−100% of their host galaxies (Harikane et al.

2023; Bogdán et al. 2024; Greene et al. 2024; Kocevski

et al. 2024; Kovács et al. 2024).

If LRDs are unobscured AGN with an abundance of

10−5 ∼ 10−4 Mpc−3 mag−1 at redshift z ≈ 5 (Greene

et al. 2024), their combined X-ray output would be

substantial. In fact, if their spectral energy distribu-

tion (SED) is the same as local type 1 (unobscured)

AGN, their integrated X-ray emission would exceed the

observed X-ray background by an order of magnitude

(Padmanabhan & Loeb 2023). This issue can be re-

solved by the X-ray weakness of LRDs. Safe for a hand-

ful of sources (Kocevski et al. 2023, 2024), LRDs are

not detected in the X-ray band (Kocevski et al. 2024;

Matthee et al. 2024), not even when stacking approaches

are attempted (Ananna et al. 2024; Maiolino et al. 2025).

The only tentative X-ray detection of LRDs, obtained by

stacking objects for a total Chandra exposure of ≈ 40 Ms
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(Yue et al. 2024), implies optical-to-X-ray ratios that are

orders of magnitude above those measured in “typical”

AGN (Lusso et al. 2010; Sacchi et al. 2022).

To explain this X-ray weakness, the most natural ex-

planation is heavy obscuration. This, however, requires

extremely high column densities (logNH ≳ 24), cover-

ing factors approaching 100%, coupled with dust-free

environments (Maiolino et al. 2025), which are disfa-

vored by JWST spectroscopic evidence. To alleviate

this, several authors have proposed that LRDs accrete

at super-Eddington rates, resulting in intrinsically X-

ray-weak SEDs (Madau & Haardt 2024; Inayoshi et al.

2024; Pacucci & Narayan 2024; Lambrides et al. 2024).

In this picture, the lack of X-rays simply reflects the

very steep spectral shape compared to more canonical

(a few percent Eddington) accretion states.

To test the super-Eddington scenario, we analyze a

sample of 55 LRDs with deep available Chandra data.

Chandra is the best-suited instrument to search for faint

X-ray emission of high-redshift sources, owing to its un-

matched angular resolution and low and stable back-

ground. Given that all of the sources we considered lay

in the deepest Chandra field, i.e. Chandra Deep Field

South (CDF-S), the total exposure time, stacking the

data from all of the considered sources, amounts to

≈ 400 Ms, allowing us to reach unprecedented sensi-

tivity (≈ 4× 10−18 erg/s/cm2).

Although previous works were able to assess the X-ray

weakness of LRDs, they could not reach the sensitiv-

ity required to probe the mechanisms at play. Ananna

et al. (2024) analyzed Chandra data of LRDs lensed by

the Abell 2744 cluster. They found that no source is in-

dividually detected, and neither is the stacked sample.

The authors conclude that, based on the X-ray upper

limits they obtained, the masses of the SMBHs hosted

in LRDs cannot exceed a few 106 M⊙, assuming a stan-

dard unobscured AGN SED accreting at some percent

of their Eddington rate. Yue et al. (2024) stacked 34

spectroscopically confirmed LRDs, confirmed their X-

ray weakness, and obtained a tentative detection, favor-

ing the AGN interpretation for the emission of LRDs.

The present work surpasses both of these analyses:

with respect to Ananna et al. (2024), we can achieve

better sensitivity as we do not have to take into account

the bright foreground emission of a galaxy cluster; with

respect to Yue et al. (2024), we have more objects with

much deeper X-ray images, allowing us to account ten

times longer total exposure time. Both these works as-

sessed the X-ray weakness of LRDs, and triggered the

scientific community to propose different models to ex-

plain this feature. Here, exploiting our far more sensitive

dataset, we can probe these scenarios.

This paper is organized as follows. In Section 2 we de-

scribe our procedure to analyze (stack) the X-ray data;

in Section 3 we present our results; in Section 4 we dis-

cuss the implications of our X-ray non-detections and

discuss the compatibility of our results with current

models of X-ray weakness, and we finally draw our con-

clusions in Section 5. In this work we adopt a flat ΛCDM

cosmology with H0 = 70 km/s/Mpc and ΩM = 0.3.

2. DATA ANALYSIS

2.1. The sample of LRDs

Our parent sample is composed of LRDs identified

in the JWST Advanced Deep Extragalactic Survey

(JADES) (Eisenstein et al. 2023) and the Next Genera-

tion Deep Extragalactic Exploratory Public (NGDEEP)

(Bagley et al. 2024) surveys by Kocevski et al. (2024).

These 56 sources span from redshift z ≈ 3 to z ≈ 8, with

a mean redshift of z ≈ 6.

The individual X-ray emission of these sources is dis-

cussed in Kocevski et al. (2024). Only one source,

JADES 21925, at redshift z = 3.1 is X-ray detected,

and hence we exclude this source from further analysis.

Hereafter, we only address the 55 LRDs that are not

individually X-ray detected.

We selected these sources because they lie entirely

within the footprint of CDF-S (Giacconi et al. 2002;

Luo et al. 2017), which provides the deepest X-ray ob-

servation ever taken with Chandra, totaling ≈7 Ms ex-

posure. Furthermore, most of these observations were

taken before 2010, prior to the substantial loss of soft-

band sensitivity from the molecular contamination (Plu-

cinsky et al. 2018, 2022).

2.2. X-ray stacking procedure

We downloaded 104 Chandra observation of the CDF-

S from the Chandra data archive1 and performed the

data analysis with the Chandra Interactive Analysis of

Observations software package (CIAO, v.4.17 Fruscione

et al. 2006) and the CALDB 4.12.0 release of the cali-

bration files. The first step of the analysis was repro-

cessing the data using chandra repro tool. To improve

the absolute astrometry of the merged data, we used the

fine astro routine, which cross-matches Chandra point

sources with other higher precision catalogs, in our case

the U. S. Naval Observatory catalog (USNO-A2.0 Monet

1998). The astrometric-corrected and reprojected event

files were then merged with the merge obs routine, to-

taling ≈ 7 Ms of exposure time. The same tool also pro-

duced point-spread function (PSF) and exposure maps,

1 https://cda.harvard.edu/chaser/mainEntry.do

https://cda.harvard.edu/chaser/mainEntry.do
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Figure 1. Exposure corrected Chandra image in the 0.3− 7 keV X-ray band of the CDF-S, for which ≈ 7 Ms of total exposure
time is available, making it the deepest Chandra dataset available to date. The location of each of the 55 LRDs considered in
this work is indicated by a white circle with fixed 8′′ radius for illustration purposes.

created assuming a powerlaw spectral profile with pho-

ton index Γ = 2 and line-of-sight Galactic column den-

sity NH = 6.7× 1019 cm−2.

Source counts were extracted from circular regions

centered on the LRD positions as identified by JWST,

and background counts from annular regions with the

dmextract tool. The radius of the extraction region

was chosen to correspond to the R80 (the radius that

includes 80% of the source counts) at the location of

each source, and the background regions had radii of

(1.5 − 3)R80. We note that the choice of adopting R80

(instead of the more commonly used R90) does not affect

the significance of the (non-)detection, but contributes

to lowering the background, in particular for the more

off-axis sources. For our 55 sources, the median source

extraction region is R80 = 2′′. To avoid contamina-

tion from other foreground sources, all point-like sources

were identified with the wavdetect tool (with wavelet

scales equal to 1.414, 2, 2.828, 4, 5.636, and 8) and ac-

cordingly removed. The exposure time for each single

source amounts to ≈ 7 Ms, implying that the exposure

for the stacked sample amounts to 390 Ms. Figure 1

shows the merged Chandra view of CDF-S in the full

(0.3− 7 keV) band with the location of each LRD indi-

cated.

3. RESULTS

By co-adding the X-ray counts across all LRDs, we ob-

tained 1444 (3730) total counts in the soft (0.3− 2 keV)

and hard (2 − 7 keV) band and, after normalizing the

background to the same extraction area, we got 1409

(3697) background counts in the soft and hard bands,

respectively. This yields 35 ± 41 net counts in the soft

band and 33 ± 66 in the hard band, corresponding to

non-detections. In the absence of detections, we derive

upper limits on the flux of the stacked LRD popula-

tion. To this end, we adopt the exposure maps and
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convert the count rates into fluxes, obtaining 3σ up-

per limits of < 4.7 × 10−18 erg/s/cm2 in the soft and

< 1.3 × 10−17 erg/s/cm2 in the hard band. We note

that the choice of photon index adopted to convert the

count rates into fluxes affects these latter by only≈ 20%,

leaving our main results unchanged.

We convert our flux limits into bolometric lumi-

nosities by adopting standard bolometric corrections

(Lbol/LX = 16.7, Lusso et al. 2012; Duras et al. 2020).

We obtain an upper limit of Lbol < 3 × 1043 erg/s,

which is more than an order of magnitude lower than the

average bolometric luminosities of LRDs inferred from

JWST observations (Lbol ≈ 5 × 1044 erg/s, Harikane

et al. 2023; Kocevski et al. 2024).

Our results are in line with those obtained by previ-

ous works: stacking the X-ray data of individually non-

detected LRDs results in a non-detection (Ananna et al.

2024; Maiolino et al. 2025). However, we do not confirm

the tentative detection of Yue et al. (2024).

4. DISCUSSION

Here we discuss possible explanations for the extreme

X-ray weakness we inferred for the LRDs in our sample.

We discuss three potential scenarios:

- The sample may include non-AGN contaminants,

hence the signal from the accreting SMBHs is di-

luted by the presence of spurious sources;

- The SED of the LRDs is that of a standard type 1

AGN, but the X-ray emission is heavily obscured;

- The SED of the LRDs is not that of standard type

1 AGN and their X-ray emission is intrinsically

weak.

4.1. Non-AGN contaminants

Some of the objects in our sample could be high-

redshift galaxies without active SMBH accretion, or

foreground interlopers such as brown dwarfs. How-

ever, to explain the lack of X-ray emission of LRDs

invoking uniquely non-AGN contaminants, one needs

to assume that the majority of the considered objects

are spurious sources (Maiolino et al. 2025). This sce-

nario has already been ruled out by JWST spectro-

scopic follow-ups of early compilations of LRD sam-

ples, which confirmed the presence of broad Hα emission

lines for most of them, reinforcing the AGN interpre-

tation (Kocevski et al. 2023). Greene et al. (2024) fol-

lowed up photometrically-selected LRDs and found that

≈ 60% show broadHα emission lines, for a small fraction

(≈ 20%) the line diagnostic was inconclusive, and a final

≈ 20% was non-AGN contaminants, i.e. brown dwarfs.

Our sample of LRDs, however, was carefully selected

to avoid the presence of such objects based on their in-

frared colors (Kocevski et al. 2024), hence we do not

expect this last fraction to be as significant. Nonethe-

less, in the rest of the discussion, we contemplate the

possibility that 20% of the sources may be non-AGN

contaminants.

4.2. High obscuration

High column densities could be responsible for the X-

ray weakness of LRDs. As already argued in previous

studies (Ananna et al. 2024; Maiolino et al. 2025), to

hide the X-ray emission at the measured levels, column

densities in excess of 1024 cm−2 are needed, implying a

Compton-thick regime. Residual X-ray emission is ex-

pected from reflection on the material surrounding and

obscuring the SMBHs. This scenario needs further tun-

ing to account for the multi-wavelength features of LRDs

(e.g. the absence of dust and the presence of broad emis-

sion lines Maiolino et al. 2025), but a discussion of these

aspects is beyond the scope of this work: here we fo-

cus on the X-ray emission itself. To test if Compton-

thickness is compatible with the deep Chandra upper

limits derived from our stacking analysis (Section 3),

we compare these with mock spectra of Compton-thick

AGN with different values of column densities. The

mock spectra were created with the borus02 model

(Baloković et al. 2019). The normalization of the trans-

mitted component was set assuming a bolometric lu-

minosity of Lbol = 5 × 1044 erg/s, and the standard

bolometric correction of kbol = 16.7 (Duras et al. 2020).

We assumed a covering factor CF = 1 and an inclina-

tion angle cos θ = 0.05. The model is also shifted to the

mean redshift of our sample. Figure 2 shows the com-

parison between the mock spectra and the upper limits

we derived. The solid red lines correspond to column

densities of NH = 1024.5−25 cm−2. When compared to

the Chandra upper limits, reported in black, one can

see that only extremely high values of column densities

NH ≳ 1025 cm−2 are permitted. Such high values of NH

are in contrast with the results of JWST high-resolution

spectroscopy, and cannot be reconciled by assuming that

≈ 20% of the sources in our sample are spurious (but

see Maiolino et al. 2025 for possible ways to reconcile

the two results).

4.3. Intrinsic X-ray weakness

Intrinsic X-ray weakness, motivated by accretion rates

at, or even exceeding, the Eddington limit, has been in-

voked by multiple authors to explain the X-ray non-

detections of LRDs (Inayoshi et al. 2024; Madau &

Haardt 2024; Lambrides et al. 2024; Pacucci & Narayan
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Figure 2. Comparison between the upper limits on the X-ray emission of LRDs derived in this work and mock spectra
corresponding to different scenarios of X-ray weakness. Intrinsic X-ray weakness from super-Eddington accretion from Pacucci
& Narayan (2024) and Inayoshi et al. (2024) are reported in blue and green, respectively. For Pacucci & Narayan (2024), the
solid line indicates the mean expected flux, the dashed lines encompass a region spanning the viewing angles range θ = 30◦−80◦.
For Inayoshi et al. (2024), the solid line indicates an Eddington ratio λEdd = 1, and the dashed lines encompass a region which
spans the range of Eddington ratios λEdd = 0.3 − 3. In orange is shown the model for super-Eddington accretion agnslim,
assumed by Lambrides et al. (2024). In red is shown a standard Compton-thick spectrum (borus02, Baloković et al. 2019), the
solid lines corresponding to column densities of NH = 1024.5−25 cm−2.

2024; Naidu et al. 2025). Indeed, in the local universe,

the AGN accreting at high fractions of their Edding-

ton rates usually exhibit softer and less luminous X-ray

emission (Tortosa et al. 2023).

As prototypes for super-Eddington accretion models,

we adopt the spectral profiles presented by Pacucci &

Narayan (2024) and Inayoshi et al. (2024). Using gen-

eral relativistic radiation magnetohydrodynamics (GR-

RMHD) simulations, Pacucci & Narayan (2024) ob-

tained a family of X-ray spectral profiles of SMBHs ac-

creting at super-Eddington rates, observed at different

viewing angles. Inayoshi et al. (2024) performed a simi-

lar exercise via an analytical approach, spanning differ-

ent mass accretion rates.

Both families of spectra have bolometric luminosities

compatible with those inferred for LRDs, and we red-

shifted them to the mean redshift of the sources in our

sample (z = 6). We adopted the models presented in

Fig. 4 (bottom-left panel) of Pacucci & Narayan (2024),

corresponding the X-ray weak case, and in Fig. 3 (left

panel) of Inayoshi et al. (2024), corresponding to the

case of an AGN powered by accretion onto a 107 M⊙
SMBH.

In Fig. 2, we compare these two models with our up-

per limits. In blue is the model by Pacucci & Narayan

(2024): the dashed lines encompass a region which spans

the range of viewing angles θ = 30◦ − 80◦, and the solid

line indicates the average spectrum. In green is the fam-

ily of SEDs derived by Inayoshi et al. (2024): the dashed

lines encompass a region corresponding to a range of

Eddington rates λEdd = 0.3 − 3 and the solid line in-

dicates λEdd = 1 (λEdd is mass accretion rate in units
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of Eddington rate). Both models, although derived in

different and independent ways, show similar profiles.

This is a common trait for super-Eddington accretion

models; they all predict extremely soft X-ray emission.

Indeed, when parametrized with a power law profile,

typical photon indices are Γ ≳ 3.

As is clear from Fig. 2, none of these models are com-

patible with the Chandra upper limits we derived for

our sample. For the Pacucci & Narayan (2024) models,

not only is the average spectrum ruled out, but even the

most extreme viewing angles. Even in the unlikely sce-

nario in which all of the SMBHs hosted in LRDs are seen

edge-on, the resulting X-ray emission would be detected

by Chandra with a > 3σ significance. For Inayoshi et al.

(2024), only the most extreme values of accretion rate

are not ruled out (λEdd ≳ 3), as the spectrum is so steep

that it falls outside the soft X-ray band.

Finally, even assuming that only 80% of the LRDs in

our sample actually host an accreting SMBH, it would

not introduce a sufficiently large correction to reconcile

the examined model with the Chandra upper limits.

The super-Eddington SEDs presented here represent

excellent prototypes for this family of models, and our

conclusions also extend to those proposed by other au-

thors, as all of them predict similar X-ray slopes and lu-

minosities. For completeness, in Fig. 2 we also show (in

orange) the super-Eddington accretion model adopted

by Lambrides et al. (2024). These authors did not de-

rive an SED, but assumed one to provide seed photons

to a photo-ionization model to reproduce the emission

lines observed in LRDs spectra. The model assumed

for super-Eddington accretion is a slim disk spectrum

(agnslim, Kubota & Done 2019), that we set to have

the same parameters as those described by Lambrides

et al. (2024). The presence of a warm corona in this

model, in addition to a slim accretion disk, generates

a considerable amount of X-ray emission, exceeding by

1−1.5 orders of magnitude the upper limits we derived,

and it is hence ruled out.

Based on this evidence, we conclude that present

Chandra observations rule out current super-Eddington

accretion models that aim to explain the X-ray weakness

of LRDs.

4.4. Overestimated masses and bolometric luminosities

Based on the evidence reported so far, Chandra data

rule current models of super-Eddington accretion, and

are compatible only with extremely high levels of obscu-

ration (disfavored by JWST spectroscopy). To reconcile

the X-ray upper limits with our current understanding

of accretion onto SMBHs, it has been argued that the

masses of the SMBHs hosted in LRDs are overestimated

(Ananna et al. 2024; Maiolino et al. 2025; Rusakov et al.

2025). However, this alone cannot solve the puzzle of

the multi-wavelength behavior of LRDs, as the proposed

models are normalized on the bolometric luminosities

rather than on the SMBHs masses. Hence, lowering the

masses of the SMBHs will not affect the normalization

of the models, but will simply increase the inferred ac-

cretion rates.

As full (multi-wavelength) SED-modeling for LRDs is

not feasible, bolometric luminosities are inferred either

from the luminosities of the broad Hα line or of the

rest-frame optical/UV continuum, exploiting empirical

relations derived from local unobscured AGN (e.g. Stern

& Laor 2012). We argue that the underlying assump-

tion that LRDs share the same SED of local unobscured

AGN is fundamentally disproved by their X-ray weak-

ness, and we conclude that the bolometric luminosities

are overestimated.

If we assume lower bolometric luminosities, more mod-

est column densities would be sufficient to obscure the

X-ray emission from LRDs, with no need to invoke

super-Eddington accretion. Although reducing the bolo-

metric luminosities, and hence the SMBH masses, would

make super-Eddington models compatible with our X-

ray upper limits, such models would be unnecessary as

standard accretion regimes could fully explain the ob-

served X-ray properties.

5. CONCLUSIONS

In this work we explored the X-ray properties of

55 LRDs identified in the JADES and NGDEEP sur-

veys. These objects are not individually X-ray detected,

and also by stacking all of them, we obtained a non-

detection, both in the soft and hard X-ray band. This re-

sult falls in line with those obtained by exploiting differ-

ent datasets, but the 3σ upper limits we derived, based

on a total exposure time of ≈ 390 Ms, are the deepest

ever obtained.

Leveraging this unprecedented sensitivity, we tested

super-Eddington accretion models proposed to explain

the X-ray weakness of LRDs. None of these models

is compatible with our observations, ruling out super-

Eddington accretion. Furthermore, since non-AGN con-

taminants are expected to be negligible, our X-ray re-

sults require extreme Compton thickness, which is also

ruled out by JWST spectroscopy.

To relax this tension, we argue that both the bolomet-

ric luminosities and SMBH masses are overestimated,

which has been suggested by several authors. If the

bolometric luminosities are overestimated by an order

of magnitude, much lower levels of obscuration can hide
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the X-ray emission from accreting SMBHs without in-

voking super-Eddington accretion.
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