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A significant puzzle in extragalactic astronomy is the scarcity of Little Red Dots (LRDs) at 7 < 3,
compared to their higher abundance at earlier epochs. To understand this transition, we investigate
the cosmic evolution of LRD environments. We measure the overdensity for LRDs and the general
galaxy population at 3 < 7 < 7, and find that at ;7 > 4, LRDs predominantly reside in under-dense
regions relative to the general galaxy population. By 7z ~ 3.5, however, this environmental contrast
roughly diminishes, and LRDs are found in regions of comparable density to typical galaxies. Si-
multaneously, the dark matter halo masses of LRDs, inferred from large-scale clustering, grow
rapidly from < 10'%1 M at z ~ 7.5 to ~ 10'13 M, at z ~ 3.5, where the halo mass becomes close
to that of normal galaxies at lower redshift. Applying an empirical stellar-to-halo mass scaling re-
lation, we derive stellar masses for LRDs; these show that black hole masses remain over-massive
relative to stellar mass at z > 4, but converge toward the local M, — Mgy scaling relation by z ~ 3.5.
The coherent evolution of LRDs’ large-scale environments — as expressed by their overdensity and
halo mass — points to a distinct evolutionary pathway from that of normal galaxies. The signifi-
cantly increased halo masses of LRDs lead to larger galaxy sizes, driven primarily by the potential
enhancement of halo spins. Consequently, these sources are no longer as compact as typical high-
redshift LRDs. Meanwhile, the depletion of dense gas and/or elevated star formation in their host
galaxies would also significantly alter the spectral energy distribution of LRDs.

The James Webb Space Telescope (JWST) has uncovered a previously unrecognized population of
compact, red, high-redshift sources, commonly referred to as Little Red Dots (LRDs), distinguished by
their unusually steep red rest-frame optical continua, compact size with < a few x 100 pc, and often unre-
solved morphologies in NIRCam imaging!~. Spectroscopic observations reveal that many LRDs exhibit
broad Balmer emission lines, with full widths at half maximum exceeding ~ 1000 km s~ !, indicative of a
central supermassive black hole (SMBH) with inferred mass of order ~ 10® — 10% M.*. The V-shaped
spectral energy distributions (SEDs) are the most distinctive features of LRDs in the rest-frame UV-to-
optical bands, which transit near the Balmer limit>%°. The absorption features on some broad Balmer
lines'?, and the absence of X-ray detections'!-!2, are sometimes attributed to the possible absorption by
the dense gas surrounding central SMBHs'>~!13. The V-shaped SEDs are frequently explained by the
co-existence of AGNs and galaxies with strong dust extinction'®'®. However, the lack of direct detec-
tions of strong dust emission for high-redshift LRDs appears to be in tension with this interpretation'®2°.
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The intrinsically red accretion disk model?!=23

alternative explanations '3!3,

The SMBH masses of LRDs, estimated using single-epoch virial methods, are orders of magnitude
higher relative to their host galaxy masses than those observed in the local Universe®2>*2’. It should be
noted that robust measurements of both SMBH mass and host galaxy stellar mass remain challenging
for LRDs, owing to their peculiar observational properties. For example, it is still not fully clear that the
profile of broad lines in LRDs is caused by virial motion or electron scattering in a dense ionized gas®%°.
Furthermore, no strong extended stellar component has been resolved in these LRDs to date, and the
radiation from optical to UV waveband is also controversial (e.g., radiation from either galaxy, AGN
disk, or photosphere surrounding a SMBH”-2!-3%:31) Therefore, precise measurements of both the stellar
masses and SMBH masses of LRDs are crucial for understanding the co-evolution of SMBHs and their
host galaxies in the early Universe. Despite being individually faint, LRDs are surprisingly abundant at
z > 4, with cosmic number densities of ® ~ 107> — 10~* cMpc 3 (comoving Mpc)> 2432 significantly
exceeding the space densities of comparably luminous UV-bright quasars at similar epochs3*?. The
presence of over-massive SMBHs in LRDs implies that either the SMBH growth or the host galaxy
assembly proceeds differently from that in other galaxies or quasars. The environment has long been
recognized as an important factor influencing the evolution of galaxies and SMBHs. In a recent study,
it was found that LRDs may preferentially reside in under-dense regions compared to typical galaxies,
based on a sample of photometrically selected LRDs*!. Thereby, systematic investigations of large-scale
environments for a large sample of spectroscopically confirmed LRDs have the potential to shed new
light on their distinctive properties and on the disappearance of LRDs at 7 < 3244243,

In this work, we explore the large-scale environments and halo masses of LRDs based on 98 spectro-
scopically confirmed LRDs”-#% at 3 < z < 7 identified in JWST/NIRCam and NIRSpec observations
across six deep extragalactic fields.

These LRDs are selected as compact JWST/NIRCam F444W sources exhibiting characteristic V-
shaped rest-frame continua, typically characterized by red optical slopes and blue ultraviolet slopes (see
Method for more details). For a subset of these objects, medium- and high-resolution NIRSpec spectra are
available, enabling black hole mass estimates from either broad Hoe or HB emission lines using standard
virial calibrations*®. To obtain the galaxy sample within the same redshift interval, we draw from the
DAWN JWST Archive (DJA) catalogs, which compile robust photometric redshift measurements from
multiple public JWST surveys (see Methods for details). The galaxy sample is selected to have well-
constrained photometric redshifts and to be matched in depth in NIRCam/F200W to the LRDs in each
redshift bin, ensuring a fair comparison between the two populations.

To quantify the large-scale environments of LRDs, we measure the galaxy overdensity within cylin-
drical volumes centered on each LRD, using a line-of-sight velocity window of Av = £2500 km s~
Due to the limitation of the observing field of view, the maximum projected radii can only reach ~ 5 7!
cMpc. The overdensity is defined as 6 = Nops /Nexp — 1, where Ny 1s the observed number of galaxies
and Nexp is the expectation from a random distribution within the same volume. The expected counts are
estimated using random catalogs that uniformly sample the survey footprints and depths, normalized to
the total number of galaxies in each redshift bin. Similarly, we follow the same procedure to calculate
the overdensity for the full galaxy sample. We present the overdensity of LRDs and galaxies at 3 <z <7
in Figure 1, where the error is estimated from the field-level jackknife method (excluding one field each
time). Obviously, the overdensity of LRDs is lower than that of galaxies at z > 4 with significance > 5o
at all radii and becomes comparable at 3 < z < 4. This trend extends to the local LRDs at z ~ 0.1 —0.2
identified in a recent study*’ (details in Methods). The ratio of 8 grp and OGalaxy increases rapidly from
7~ 6.5 to z ~ 3.5, with the significance of the change > 5¢. This phenomenon demonstrates that LRDs

and an envelop dense gas model have been proposed as
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inhabit under-dense regions at z > 4 and subsequently evolve into environments comparable to those of
normal galaxies at 3 < z < 4 and even at z ~ 0.2. We note that in a recent study*®, the authors measure
the overdensity within a volume of (15 2~! cMpc)? around five LRD-like sources, together with a larger
sample of low-luminosity AGNs at 3.9 < z < 6. While that work does not explicitly isolate LRDs as
a distinct population, it shows that the majority of such sources (four out of five) reside in under-dense
regions, as shown in their Table 2 and Figure 2. And their AGN sample has SMBH masses that are, on
average, similar to those of our LRDs, with over half residing in under-dense regions.
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Figure 1. Overdensity of LRDs and galaxies across cosmic time. Left panel: The projected
overdensity profiles of LRDs (red) and galaxies (blue) in four redshift bins: 3 <z < 4,4 <z <35,

5 < z<6,and 6 < z <7 with 1o uncertainties derived from the jackknife method, where the
overdensity for each LRD is also shown with thin red line. Right panel: The ratio of the overdensity of
LRDs to galaxies integrated within r, < 3 h~1 cMpc as a function of redshift.

The role of dark matter in galaxy formation and evolution is well established, as it not only shapes the
large-scale distribution of galaxies but also, through the large-scale environment, plays a key role in the
galaxy assembly process*>>?. Clustering analyses, commonly based on the two-point auto-correlation
function®!, have proven to be powerful tools for linking the large-scale properties of galaxies to the
small-scale physics, such as their hosting dark matter halos. In this work, we measure the projected
cross-correlation function between LRDs and galaxies, as well as the projected autocorrelation function
of galaxies in the redshift range of 3 < z < 7 (see Methods for details). From these measurements, we infer
the dark matter halo masses of galaxies and LRDs, as shown in Figure 2. We find that the characteristic
dark matter halo mass of LRDs grows rapidly from < 10101 M at z ~ 7.5 to ~ 1013 M, at z ~ 3.5,
approaching values of typical massive galaxies or AGNs at the same redshift and thus becoming roughly
indistinguishable from them.

The evolution of high-redshift galaxies, AGNs, quasars, and their associated dark matter halos has
been extensively explored in recent years with JWST. Clustering analyses reveal that galaxies with
(Myy) ~ —20, identified as Ha or [O TIT] emitters, reside in dark matter halos of ~ 1015 Mg atz~4.3
and ~ 10110 M, at z ~ 7.3!. Low-luminosity AGNs at 3.9 < z < 6 occupy comparable halos as similarly
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Figure 2. Halo masses of LRDs and comparison samples across cosmic time. The dark matter halo
mass (Mha1o) as a function of redshift for various populations. Open blue squares show the galaxies,
filled red circles represent LRDs from this work, with downward arrows indicating upper limits. Grey
symbols denote quasars from clustering analyses>>~°. Light blue triangles and violet hexagon show
low-luminosity broad-line AGNs from clustering analysis*®®. Green symbols represent LRDs from
clustering analysis*'. Purple diamonds indicate spectroscopically confirmed massive galaxies®'. The
grey shaded region marks the typical halo mass range (10'2-10'3 M) for typical Type-1 AGN.
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luminous galaxies, with 1og; o (Mhalo.min/Me) ~ 11-11 54890 Tn contrast, luminous quasars, whose bolo-
metric luminosities are ~ 2 — 3 orders of magnitude higher than those of such galaxies, low-luminosity
AGNs and LRDs, exhibit a minimum host halo mass of 10g;y(Mhalo min/Me) ~ 12.4 at (z) ~ 6.3 using
five quasar fields 8, and a characteristic mass of ~ 1012‘2M@ at 5.0 < z<56and 5.6 < z<6.2 from
wide-field quasar auto-correlation measurements®”. Our inferred halo masses for LRDs are lower than
our galaxy sample and the galaxies in the literature®! at 4 < z < 7. The halo masses for our general galaxy
sample are slightly lower than those reported in the literature®!, as expected given that our galaxies are
slightly fainter in general. Furthermore, the derived dark matter halo masses for both galaxies and LRDs
are consistent with their measured overdensity, as shown in Figure 1, as expected from clustering theory.

Investigating the correlations among stellar mass, dark matter halo mass, and supermassive black hole
mass is crucial for understanding galaxy evolution and the coevolution of SMBHs and their hosts. In this
work, we estimate the average stellar masses of LRDs at a given bin of redshift using the M, — Mpa
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scaling relation derived from UniverseMachine®2. We present the resulting My, — My and M, — Mgy
relation in Figure 3. We find that LRDs at z > 4 deviate significantly from the local relation, whereas
LRDs at z ~ 3.5 lie much closer to the local correlations of both My, — Mpp®3% and M, — Mpy®®,
despite still exhibiting clear deviations. This result further supports the conclusion that the SMBH masses
of LRDs at z > 4 are over-massive compared to local galaxies in the M, — Mgy relation, and that M, —
Mgy relation of high-redshift LRDs will evolve to the local relation. Both the My, — My and M, —
Mgy relation measured for our LRD sample are well consistent with those in BRAHMA cosmological
simulation at 5 < z < 8%/, in which the authors produce mock observations of AGNs and their host
galaxies to mimic the observational properties of LRDs. In contrast, the ASTRID cosmological simulation
does not reproduce the observational M, — Mgy and/or My,, — Mgy relation of LRDs over the same
redshift range68. It should be noted that the adopted empirical M, — My, relation from UniverseMachine
may not precisely describe LRDs, whose underlying physical nature remains poorly understood. In
addition, black hole mass estimates in LRDs are themselves highly uncertain, as the physical origin of
the observed broad emission lines remains debated (e.g., virial motion versus electron scattering29). If the
broad lines are not predominantly virial in origin, the inferred black hole masses could be systematically
overestimated by up to ~1 dex. Even under such a reduction, however, the LRDs at z > 4 in our sample
would still remain offset above the local Mpy—Mp,y, scaling relation.
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Figure 3. Black hole mass scaling relations for LRDs. Solid stars denote the LRDs in our sample,
with different colors indicating different redshift bins. Leftward arrows indicate upper limits on My, or
M.,. Upward triangles show LRDs from Chen et al. (2025)?’, squares represent LRDs from Kocevski et
al. (2025)%*, downward triangles and leftward triangles show predictions from the ASTRID and
BRAHMA simulations, respectively67, and the circle and diamond mark additional LRDs from the Furta
et al. (2025)% and Tripodi et al. (2025)%. In the left panel, the three lines show the local relation®%. In
the right panel, the solid black line shows the local relation®®, and the dashed orange line represents the
high-z relation®.

The luminous AGNs or heavy galaxies are typically found in over-dense environments’”, LRDs re-
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side preferentially in under-dense regions, where these LRDs are hosted by lower-mass dark matter halos
(as shown in Figure 2). This contrast suggests that their formation mechanisms may differ fundamen-
tally from those of typical galaxies and luminous AGNs, as the environment strongly influences galactic
merger and accretion histories. We find that the typical halo mass of LRDs increases by more than one
order of magnitude from z ~ 7 to z ~ 3, whereas the average black hole mass shows little evolution over
the same redshift interval. By z ~ 3, the assembly of dark matter halos and gas reservoirs appears largely
complete; at this point, both the halo masses and the Mgy — M, relation become broadly consistent with
those of local galaxies, rendering LRDs virtually indistinguishable from the general galaxy population.
Moreover, given that virial radius scales with halo mass, galaxies in ~ 1ol M., halos, whose stellar mass
corresponds to ~ 107> M, would not be as compact as LRDs if they followed normal structural scaling
relations’ !> 72,

The full picture of LRDs’ dark matter halo evolution is still ambiguous. Pacucci & Loeb (2025
proposed that low-spin dark matter halos can naturally explain the compactness, abundance, and redshift
distribution of LRDs, which is also supported by the possible black hole formation from gravothermal
core collapse in self-interacting dark matter halos at high redshift’. In this model®, the effective ra-
dius of a galaxy scales as Regr o< A ro00(Mpy,z), with A denoting the halo spin parameter. Consequently,
the extreme compactness of LRDs arises naturally from their unusually low halo spins (A ~ 0.01), cor-
responding to approximately the lowest ~ 1% of the spin distribution. As LRD host halos grow from
~ 10"9M to ~ 105 M, newly accreted material from the cosmic web carries angular momentum
and A increases. With an increase of A to several percent(e.g., A = 0.03), Regr grows up to ~ 1kpc,
aligning with the typical sizes of normal galaxies at 3 < z < 4’"7? and thereby eliminating the struc-
tural compactness that defines LRDs. Furthermore, the baryons will easily concentrate into an extremely
dense core in low-spin halos, which will lead to compact stellar distribution and high gas density as con-
strained from the possible Balmer features as found in many LRDs’. The compact dense gas core may
be the physical reason for the V-shaped SEDs in LRDs'4, where the V-shaped SED will disappear if the
gas distribution is not compact. Moreover, the starlight from the elevated star formation of the galaxies
would significantly disturb the V-shaped SEDs in LRDs.

)69



Methods

Data Sample

We construct the LRD sample by combining three recent spectroscopically confirmed JWST LRD
catalogs spanning z ~ 2-9. One sample is drawn from Zhang et al. (2026)**, which identified 98 LRDs
from JWST/NIRCam and NIRSpec observations across six deep fields: A2744, CEERS, GOODS-S,
GOODS-N, COSMOS, and UDS7477_ These sources were selected as compact NIRCAM/F444W objects
exhibiting characteristic V-shaped rest-frame continua, defined primarily by By, > 0 and Byv < —0.37,
with continuum slopes corrected for emission-line contamination using NIRSpec/PRISM spectroscopy.
The other sample of de Graaff et al. (2025)*, identified 116 high-purity LRDs from ~ 17,000 high-
quality NIRSpec/PRISM spectra using statistically robust V-shaped continuum criteria (Bop > 0, fuv <
—0.2, and Byy — Popt > 0.5 at > 95% confidence) together with compact F444W morphologies. Also,
we include the RUBIES spectroscopic sample of Hviding et al. (2025), consisting of 36 LRDs identified
through joint PRISM+G395M fitting and broad Balmer-line detections, all of which also exhibit compact
morphologies and V-shaped continua. The final merged sample consists of 170 unique LRDs at2 <z <9
after removing duplicate sources across the three catalogs. Restricting the sample to the six deep fields
described above, in which the clustering analyses could be conducted, and the redshift range 3 < z <7
yields 98 LRDs used in our analysis.

The LRDs’ absolute magnitude at 1450 A, M 450, is derived from the mean spectral flux density
measured over 1425 — 1475 A using the DAWN JWST Archive (DJA) public NIRSpec/PRISM dataset
(v4)’8, as shown in Figure 4. Only sources with reliable spectroscopic coverage of the rest-frame UV
continuum are included in this measurement. The majority of the LRD sample is quite faint, and the
distribution of M50 V.s. z for our LRDs are consistent with the literature distribution?*. The number of
LRDs at z < 3 and the number of galaxies at z > 7 are both very limited. Therefore, we only focus on
LRDs in the redshift intervals z =3 —4,4 —5,5—6, and 6 — 7, which contain 16, 24, 33, and 25 sources,
respectively. All LRDs used in the final analysis have spectroscopic redshifts For a subset of these sources,
NIRSpec medium- and high-resolution grating spectra are available in the DJA Public NIRSpec datasets
(v4)"8, which are used to estimate the black hole masses by fitting the broad Ha or HB emission lines
and applying the virial mass calibration according to the well-established scaling relation*®. We caution
that these estimates may be subject to systematic uncertainties associated with the physical origin of the
line broadening29, which could affect the absolute normalization of Mgy by ~1 dex.

Similar to a recent study®, we construct our galaxy sample at the same redshift range from the DJA
catalogs. The DJA catalogs are built from publicly available JWST survey data processed by the Cosmic
Dawn Center using the griz1i’® and msaexp®” pipelines. Photometric redshifts are estimated with
EAZY3! based on combined JWST and HST photometry. We utilize the DJA v7 catalogs from four survey
fields: the Cosmic Evolution Early Release Science Survey (CEERS)>, the JWST Advanced Deep Extra-
galactic Survey (JADES)’%, the Public Release Imaging for Extragalactic Research (PRIMER) survey’’,
and the Ultradeep NIRSpec and NIRCam Observations Before the Epoch of Reionization (UNCOVER)
survey’*. All UNCOVER galaxies are corrected for gravitational lensing magnification using the v2.0
lensing models®> 83

The selection of the galaxy sample is based on two criteria: the uncertainty of photometric redshift
estimated using EAZY for each source is less than 0.5, 0zpnot < 0.5, and redshift estimates must be based
on at least 12 photometric filters (ngyer > 12), to ensure robust redshift estimation. As demonstrated in
the literature®*, the photometric redshift estimation is quite reliable and robust. Of the 17636 galaxy
samples, 727 have spectroscopic redshifts. We use spectroscopic redshifts wherever they are available
for the galaxy sample. Only when spectroscopic redshifts are unavailable do we rely on photometric
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Figure 4. Redshift and absolute magnitude distributions of LRDs. The distributions of redshift and
absolute magnitude at 1450 A (M1450) for LRDs in the redshift range of 2.0 < z < 10 are shown. Red
circles indicate the LRDs in our sample, while small grey dots represent LRDs compiled from the
literature®*

redshifts. The comparison between photometric and spectroscopic redshifts is shown in Figure 5. Here
we adopt a stricter criterion (|Az|/(1+z) > 0.1) for outliers, which account for only 6.60% of the entire
spectroscopic sample, demonstrating the reliability and robustness of photometric redshift estimation.

Photometry of all sources is measured within a circular aperture with a diameter of 0.5”. In each
redshift bin, we further restrict the NIRCam/F200W magnitudes of the galaxy sample to be within £1
mag of the median F200W magnitude of the LRD sample. This cut is applied to ensure that the effective
detection depths of the two populations are comparable, thereby enabling a fair comparison between
them. Our galaxy sample lies well within the high-completeness regime of the JWST surveys. As shown
in Figure 4 of Marlin Merlin et al. (2024)%, the majority of the fields achieve > 90% completeness
at ~ 29 mag, significantly fainter than the magnitude range considered in our analysis, indicating that
incompleteness effects should be minimal for both samples. We additionally confirmed that our main
results remain unchanged after excluding the relatively shallow UDS field from the analysis.

A random sample is essential for large-scale clustering analysis. We build the random catalogs fol-
lowing Arita et al. (2025)%°, with a surface number density of 100 arcmin~2 uniformly distributed over
the survey regions. To accurately trace the survey geometry and depth variations, we retain only random
points within the footprint that have nger > 12 and NIRCan/F444W observations available. The redshifts
of the random points are assigned to match the redshift distribution of the galaxy sample. The constructed
random catalog properly inherits the above properties of the galaxy catalog. This random catalog is then
used in the estimation of both the overdensity and the two-point correlation function.

8



T T T T T
7k [Outlier rate = 6.60%] }/ _
6 - -
5 - -
5
<
o
N
4 - -
3 - -
1
0 1 ____l __________ ] |______|______|___
Y ]
+ I ]
T 0.0 -~ MFENE R e A T e A S s g S -
~ [ ]
<IN L
_0'1 ____I __________ T I______I______I___
3 4 5 6 7
Zspec

Figure 5. Photometric versus spectroscopic redshift for galaxies. Top panel: Comparison between
photometric redshift (zphor) and spectroscopic redshift (zspec) for the galaxy sample across redshift range
of z =3 —7. The dashed red line displays the 1:1 relation, and the grey shaded region denotes
|Az|/(1+2z) < 0.1. Bottom panel: Normalized redshift residuals Az/(1 4 z) = (Zphot — Zspec)/ (1 + Zspec)
as a function of spectroscopic redshift. Horizontal dashed lines mark Az/(1+z) = 0 (black) and +0.1
(red). The outliers are defined as sources with |Az|/(1+z) > 0.1.

We note that there are three local analogs at z ~ 0.1 — 0.2 identified in a recent study*’. These objects
are identified through template matching to the high-redshift LRD spectra, combined with compact mor-
phology and spectroscopic properties. To explore the large-scale environments of those three local LRDs,
we collect the galaxy sample and the random sample from the large-scale structure (LSS) clustering cat-
alogs, which are constructed from Dark Energy Spectroscopic Instrument (DESI)®®87 Data Release 1
(DR1)%. The LSS galaxy samples mainly include the Bright Galaxy Sample (BGS) optimized for low-
redshift studies®®“?. These catalogs include the observed galaxy positions together with the associated
random catalogs, as well as redshifts and survey completeness weights, enabling three-dimensional clus-
tering and environment measurements®’. We also incorporate the Sloan Digital Sky Survey (SDSS) Data
Release 12 (DR12) BOSS LOWZ large-scale structure catalog, which consists of luminous red galaxies
at 7 < 0.4 and the corresponding random catalog.

Considering that both DESI DR1 and SDSS DR12 around those three local LRDs have low survey
coverage, we further supplement the spectroscopic data with the DESI Imaging Legacy Surveys (LS)
Data Release 10 (DR10) photometric redshift (photo-z) sweeps catalogs, which provide homogeneous
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photometric redshift estimates for galaxies over the DESI Imaging Legacy Surveys footprint’-°2. To
ensure consistency with the official LS DR10 photo-z catalog, we apply the recommended selection
criteria for the i-band extended photo-z sample. Objects are required to have at least one exposure in
each of the g, r, i, and z bands (Nopsg ;, = 1), and only sources with z-band magnitude brighter than 21
are considered reliable. Additionally, we require a photo-z uncertainty of ¢, < 0.02 to ensure high-quality
redshift estimates. For star-galaxy separation, we exclude point sources (TYPE = ‘PSF’) and apply an
optical-WISE color cut (r — W1 > 0.5) to preferentially select galaxies, following Zhou et al. (2021)%3.
To ensure a consistent comparison, we apply the apparent g-band magnitude cut, 20.0 < g < 21.5, to both
the spectroscopic and photometric samples, to match the apparent magnitudes of the three LRDs. Also,
for the LS DR10 photo-z sweeps catalog, we force the redshift distribution of the random catalog to be
matched to that of the real galaxies.

ENVIRONMENTS

To quantify the large-scale environments of our JWST LRD sample, we calculate the galaxy overden-
sity, 0, within cylindrical volumes centered on each LRD. Specifically, we count galaxies within projected
radiiof r, = 1,2, 3,4, and 5 h! cMpc and within a line-of-sight velocity range of Ay = +2500 km s~
We have verified that varying the velocity window almost does no affect the results. The overdensity

is defined as &(r,) = IZXZ:;—E:’;; — 1, where Nops(7p) is the number of galaxies within the given cylindrical
volume, and Nexp(7p) is the expected number of galaxies for the random distribution within the same vol-
ume. To calculate Nexp, we count the number of random points within the same cylindrical volume and
scale it by the normalization factor Nigal galaxy /Niotal random- We follow the same procedure to compute
the overdensity distribution of the full galaxy sample in the same redshift range.

To estimate the uncertainty in the overdensity parameter 6, we employ a jackknife resampling tech-
nique. We recompute the mean overdensity () by sequentially excluding one JWST field at a time,
yielding N jackknife realizations, where N is the number of fields. The jackknife variance is then com-

puted as

N
02 === ) (8- (8))" M

where (0); is the measurement excluding the i-th field. We report the square root of this variance as the
uncertainty.

To investigate the environments of the three local LRDs, whose SMBH masses are all around 106
M, we apply the method described above to the DESI and SDSS large-scale structure catalogs. Given
the limited spectroscopic sky coverage in their vicinity, we measure their overdensity within a volume of
(30 1~! Mpc?) to mitigate this constraint, as shown in Figure 6. We further complement the spectroscopic
data with the LS DR10 photo-z data due to the low sky coverage around these three local LRDs. For
comparison, the galaxy samples shown in Figure 6 are constructed by randomly selecting 500 galaxies
from the DESI DR1 footprint for spectroscopic analysis and an additional 500 galaxies from the LS DR10
catalog for photometric redshift analysis. Given the uniform coverage of these surveys and the random
selection of galaxy control samples, the overdensity measurements for these control galaxies are not
significantly affected by survey incompleteness or edge effects. The resulting large-scale environments of
these three local LRDs are comparable to those of typical galaxies within the measurement uncertainties.

Clustering Analysis
We evaluate the projected cross-correlation function between the LRDs and the galaxies of our sam-
ple, @y ccr(7p), and the projected autocorrelation function of the galaxies, @wp acr(7p). The projected
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Figure 6. Overdensity of the three local LRDs and galaxies within a volume of (30 #~! ¢cMpc)°.
Top panel: overdensity measurements within a volume of (30 2! cMpc)? around the three local LRDs
(red bars) and the galaxy sample (blue bars), using spectroscopic data from the combined SDSS and
DESI surveys. Bottom panel: overdensity measurements using the photometric redshift catalog. Error
bars represent 10 uncertainties derived from jackknife resampling for LRDs and galaxies, and the
numbers are the values of the overdensity measurements.

correlation functions are obtained by integrating the three-dimensional correlation functions, Eccr(rp, )
and Eacp(rp, ), where rp and 7 represent the transverse and line-of-sight separations, respectively.

There are various estimators to determine the projected correlation function, and we adopt the Landy
& Szalay estimator’*, defined as follows:

Tecut

@y ccr/ACF(Tp) = /7t Sccr/ack(rp, ) d, ()
—/Leut

where 7y is the maximum line-of-sight separation, fixed to 100 A~ 'Mpc. The estimators for the cross-

and auto-correlation functions are given by

Dy DG — Dy Rg — DGRy + RLRG

Eccr(rp, ) = RiRG , 3)

B DgDg —2DgRg + RgRg

EACE(rp, ) = RoRc 4)
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Here D and R denote the data and random catalogs, respectively, and the subscripts indicate the
corresponding samples. The random catalogs are described above. All pair counts are normalized by the
total number of possible pairs in each sample. The uncertainties of the projected correlation function are
estimated using a leave-one-out jackknife resampling method. Specifically, for the sample of LRDs, we
recompute each time, excluding one LRD from the sample, and derive the uncertainties from the variance
among these jackknife realizations.

The projected correlation function is derived from the integration of the real-space correlation func-
tion & (r)®> as follows:

&)

Assuming a power-law function for the real-space correlation function, & (r) = (r/rp) 7, the projected
correlation function can be written as

wp(Tp)/Tp

—-11 o
a’p(”p)”p:B(yT7§> (r—i) ;

where B denotes the beta function.
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Figure 7. Projected cross-correlation functions between LRDs and galaxies. The projected
cross-correlation function @, (rp) as a function of projected separation ry, for four redshift bins:

3.0 < z<4.0 (left), 4.0 < z < 5.0 (second from left), 5.0 < z < 6.0 (second from right), and

6.0 < z < 7.0 (right). Colored circles with error bars represent the measured projected cross-correlation
function between LRDs and surrounding galaxies. 16 error is obtained from a jackknife method. Solid
lines show the best-fit power-law models with ¥ = 1.8, and shaded regions indicate the 10 uncertainty in
the correlation length ry. The best-fit correlation lengths are displayed in each panel.

Figure 7 shows the projected cross-correlation function between galaxies and LRDs, and Figure 8
displays the projected autocorrelation of galaxies for the different redshift intervals. The solid lines indi-
cate the best-fit power-law models with ¥ = 1.8 fixed, and the shaded regions indicate the 10 uncertainty
obtained from the Markov Chain Monte Carlo (MCMC) method.

Halo mass of galaxies and LRDs
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Figure 8. Projected auto-correlation function of galaxies. Same as the figure 7, but for the projected
auto-correlation function wp(r,) of the galaxy.

We estimate the typical dark matter halo (DMH) masses of the LRDs from the clustering measure-
ments obtained above. The large-scale linear bias parameter quantifies how strongly objects cluster rela-
tive to the underlying dark matter distribution. We define the bias at a reference scale of rrer = 84~ Mpc

as
gobs (rrefa Z)
b= ————= 7
\/ Eom(7rer,2) @

where &qps(7,2) is the observed correlation function and Epp(r, z) is the dark matter correlation function
at redshift z.

As discussed above, we have adopted the power-law function for the observed correlation function.
The dark matter correlation function Epy(r,z) is computed using the halomod package®®®’. We adopt
the well-established halo bias model®®, a linear matter power spectrum generated with CAMB package””,
and the well-known linear growth model'?’. Following the standard relation between auto- and cross-

correlation functions'®!, and assuming power-law forms for all correlation functions, we could obtain the
linear bias for LRDs:
2
éLRD, al(r )
ELRDLRD(F) = 2", )

B égal,gal (}’)

where & rp gal(7) is the LRD-galaxy cross-correlation function and &gy ga1(7) is the galaxy autocorrela-
tion function, from which we could derive the effective correlation length r 1 rp and the bias parameter
b rp for LRDs. The halo mass corresponding to a given bias parameter is obtained by inverting the
halo bias — halo mass relation. We use the colossus implementation of the well-developed halo bias
model”® with a halo mass definition of Magom. The clustering results are presented in Table 1.

The M, of LRDs

To infer the stellar masses corresponding to our halo mass measurements, we adopt the redshift-
dependent stellar-to-halo mass relation (SMHM) from UniverseMachine%? 102, This formalism parametrizes
the median stellar mass as a function of halo mass and redshift via the following equation:

log M, (M, <) = log(eM)) +f<10g AM7‘1‘) —£(0), ©)
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Table 1. Best-fit parameters. Best-fit correlation lengths, galaxy bias factors, and inferred dark matter
halo masses measured from galaxy auto-correlation functions (ACF) and LRD—-galaxy cross-correlation
functions (CCF) in different redshift bins. N .rp and Ngajaxy denote the number of LRDs and
photometric galaxies used in each bin.

Redshifts Nirp Ngalaxy  70,CCE 10,ACF bgataxy birp  10g(Mhalo,galaxy)  10€(Mhalo1rD)
(h~'Mpe) (' Mpe) (h~"Mo) (h"'Mo)
3—4 16 6431 4457570 4567030 3.011013 2.94709  11.30100; 11.267033
4-5 24 5408 34509 5227038 417008 285708 11.2270]) 10497043
5-6 33 2550 343112 630703 5.84M04 335710 11.23701 10.19703
6—7 25 1293 3.67713  6.00704 6417030 4.11t3S 1090700 10.0575%

where the function f(x) is defined as:

log (1+¢%))” M,
(og(1+e))” g1(+e—x)) , x=log-, (10)

f(x)=—1og (10 +1)+ 6 M,

with o controlling the low-mass slope (M, o< M at low halo masses), and 6 and Y jointly regulating
the curvature and amplitude at the high-mass end. These shape parameters (o, d,7), along with the
characteristic halo mass M; and normalization €, evolve with redshift as given by Equations (3)—(5) in
the paper'?? and M, and & represent the characteristic halo mass and normalization, respectively.

We note that although UniverseMachine was calibrated using pre-JWST observations, the SMHM
relation remains robust across the mass range we explored. Recent JWST studies'%® 194 suggest a higher
SMHM ratio at z 2 4 at the high-mass end, implying enhanced star-formation efficiency in the early
Universe. However, for the halo mass range relevant to our sample (M, < 1011 M, for z < 5, and
Mhpato < 1011901 for z > 5), the difference remains modest, with stellar masses differing by only 0.1 —
0.2 dexevenatz ~ 7.
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