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ABSTRACT

We predict the effective clustering bias parameter, beg, at z ~ 5 for Little Red Dots (LRDs) seeded by Ultra-Strongly Self-
Interacting Dark Matter (uSIDM). From our model, we find that beg ~ 4.5, thus we infer that LRDs seeded by uSIDM would
populate halos of typical masses ~ 8 x 10'% M this bias factor is consistent with LRDs being a distinct population from high
redshift quasars. To the extent that we are aware, this is the first formation-based theoretical prediction of LRD clustering from a
model consistent with the LRD mass function. We find that this bias and clustering is insensitive to a wide range of the underlying
uSIDM microphysics parameters, including the uSIDM cross-section o-/m and uSIDM fraction f. This is therefore a robust
prediction from the uSIDM model, and will allow for direct probes of the uSIDM paradigm as the origin of LRDs in the next
few years. Upcoming JWST observations will constrain the population of LRDs, including directly measuring their clustering.
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1 INTRODUCTION

Little Red Dots (LRDs) are a recently-discovered population of likely
dust-enshrouded active galactic nuclei (AGN), most of which have
redshifts in the range of 4 < z < 7; the corresponding super-massive
black holes (SMBHs) are overmassive with respect to local black
hole-galaxy scaling relations, and exhibit v-shaped spectral energy
distributions, with a sharp Balmer break (Matthee et al. 2024; Koko-
rev et al. 2024; Greene et al. 2024; Kocevski et al. 2025). Given
the highly compact nature of these objects (< 100 parsec in size)
in addition to the overmassive SMBHSs, their existence raises the
question of how such massive BHs formed so early in the universe.
In particular, LRDs challenge standard models of early galaxy and
black hole co—evolution, suggesting unusually rapid or non—standard
growth channels at very early times. Moreover, current JWST observa-
tions increasingly constrain traditional baryonic seeding mechanisms
(Volonteri 2010; Loeb & Rasio 1994; Inayoshi et al. 2020; Pacucci
et al. 2017; Madau et al. 2014) due to these mechanisms having
longer formation time scales, as well as tending to require large pe-
riods of super-Eddington accretion to make up for the initial seed
formation delay.

As an alternative approach to seed formation, several papers have
considered models of self-interacting dark matter (SIDM) leading
to the formation of heavy seeds - either from dissipative effects
(D’Amico et al. 2017; Latif et al. 2019; Choquette et al. 2019; Xiao
etal. 2021; Shen et al. 2025; Buckley & Fernandez 2025) or through
gravothermal evolution and the resulting core-collapse (Balberg &
Shapiro 2002; Pollack et al. 2015; Feng et al. 2021; Outmezguine
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et al. 2023; Gad-Nasr et al. 2024; Feng et al. 2025; Roberts et al.
2025¢,a). In particular, ultra-strong self-interactions can rapidly ac-
celerate the gravothermal process in very early halos to form much
heavier BH seeds compared to baryonic seeding mechanisms.

In this Letter, we use the uSIDM model (Roberts et al. 2025c,a,b)
to calculate the clustering of the population of LRDs that are seeded
by the gravothermal core-collapse of uSIDM halos in the early uni-
verse. A possible underlying particle physics model for the uSIDM
has been explicitly worked out in Roberts et al. (2025b). In short,
the model consists of two dark matter particles: one is a standard
DM candidate, possibly but not necessarily self-interacting, while
the second one is the ultra-strongly self-interacting particle, which
comprises only a small fraction of the dark matter. The mediator of
the self interactions is a massive dark photon. The choice of one
particle being ultra-strongly self-interacting ensures rapid gravother-
mal collapse and early seed formation prior to significant baryonic
assembly, thereby providing a natural pathway toward overmassive
black holes by z ~ 5.

Recent work has highlighted the need for observations and theoret-
ical predictions of the clustering of LRDs (Arita et al. 2024; Lin et al.
2025; Schindler et al. 2025; Pizzati et al. 2025; Carranza-Escudero
et al. 2025) which may help distinguish their origin; see Inayoshi
& Ho (2025) for a recent review about LRDs. Arita et al. (2024)
performed cross-correlation analysis of 27 low-luminosity broad-
line AGNs with 5 < z < 6 and found characteristic mass scales
of 101146 p=1p1,. which are around 1 dex smaller than luminous
quasars at the same redshift. Lin et al. (2025) also looked at a sample
of low-luminosity AGNs, and they found a characteristic mass scale
of 101" Mg, — 10'1-2 M, which reinforces that these faint populations
are hosted by more moderate size halos than luminous quasars. While
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both of these studies include significant overlap with LRDs, they do
not perform a dedicated clustering or bias measurement for LRDs as
a distinct population.

Further, Pizzati et al. (2025) ran mock-clustering simulations to
infer potential LRD clustering measurements from JWST, and find
that with ~ 10 fields, they can constrain the characteristic halo mass
scale of LRDs to within 0.1 — 0.3 dex. Thus, the accuracy needed
to determine LRD clustering is within the reach of upcoming JWST
surveys. Importantly, their mock results indicate the LRDs may be
low-mass halos with modest duty cycles, raising the possibility that
LRDs are a distinct population from quasars. On the other hand,
Schindler et al. (2025) identified a single LRD at z ~ 7.3 in an
overdensity of eight nearby galaxies and inferred a correlation length
of ro = 8 +2 h™!' cMpc, which is consistent with ultraviolet lumi-
nous high-redshift quasars at z ~ 6. However, as this determination
is based off of a single source, this cannot be a robust conclusion
for the entire LRD population. Similarly, Carranza-Escudero et al.
(2025) probed the local environments of LRDs by looking at a pho-
tometrically selected sample in 3 < z < 10, and found evidence that
LRDs tend to reside in less overdense local environments compared
to galaxies of similar mass and redshift.

Together, these studies indicate the need for more LRD observa-
tions with JWST as well as for theoretical determinations of LRD
clustering bias to determine the nature of these new objects. In this
paper we tackle the latter issue and present the first theoretical calcu-
lation of LRD clustering. We assume a uSIDM seeding mechanism
which can provide a critical test of heavy-seed formation scenarios.

The remainder of this paper is as follows: in the next section we
summarize the uSIDM nechanism for early black hole formation; in
sec. 3 we compute the effeective halo bias; in the final sec. 4 we
summarize and conclude.

2 USIDM PHENOMENOLOGY AND BLACK HOLE
FORMATION

The uSIDM model for early SMBH formation (see Roberts et al.
(2025b) for more details) is an extension of the typical SIDM
model which also includes an additional, much more strongly self-
interacting dark matter species comprising a small fraction, f, of the
total dark matter budget. The governing Lagrangian is given by,

Laak = X1 (id = my) x1 + X (id = my) x2 (H
_ _ 1
“8a 1AM VX1 = 8 Xo A Y = JFHE,
1 2 ’ ’
—zmA,A ”A” y

where y; and y; are the uSIDM and SIDM particle respectively, and
A’ is the dark photon. In order to have the onset of core-collapse occur
shortly after our virialization redshift, zyir ~ 13.5, y1 couples much
more strongly to the dark photon than y»,i.e., g, >> g,,. This guar-
antees y to have a significantly enhanced cross-section. From previ-
ous uSIDM work (Roberts et al. 2025¢), the uSIDM cross-section is
on the order of 10* cm?g~! with a corresponding abundance fraction
around 10733 in order to seed high-redshift black hole formation.
In Roberts et al. (2025a) we derived a LRD mass function from
the uSIDM model at zops ~ 5, with a fixed duty cycle epc = 0.01
and a log-normal distribution of accretion rates based on Eddington
ratios with mean Ao = 0.2 and standard deviation o; = 0.3, which
we reproduce here in Fig. 1. In particular, we derived a “full mass"
function and a “power-law" mas function. The full mass function
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includes a toy BH merger model, an AGN duty cycle, and a luminos-
ity cutoff matching observational constraints. The power-law mass
function is a simple power-law fit of the form ¢y rp (mpH) = Amg,,
where log,; A and « are our normalization and slope that we fit to
our full model ; this gives an analytic approximation to our full mass
function. In Fig. 1, the colored points are the full mass function,
whereas the solid and black dashed lines are the median and 1-sigma
errors on the power-law fit.

While the duty cycle enters the number density normalization,
the effective bias is independent of the duty cycle and is determined
solely by the weighted halo mass distribution. Thus, the assumed
value of epc does not impact our clustering prediction. Similarly,
for our uSIDM model, we do not require accretion at the Eddington
limit to grow our BH seeds because uSIDM halos can collapse and
form much heavier seeds; hence, modeling the Eddington ratios with
a mean of A9 = 0.2, which is more typical of high-redshift AGN
(Jiang et al. 2025; Xiao et al. 2021; Willott et al. 2010).

3 LRD CLUSTERING AND THE EFFECTIVE BIAS

The halo bias, by, is the relation between the two-point dark mat-
ter halo correlation function, and the two-point matter correlation
function: &pjp = bflfmm. But since we are interested in a specific
sub-population of dark matter halos as a tracer for LRDs, we need
to calculate an effective bias. Therefore, we define the effective halo
bias (Porciani et al. 2004; Fanidakis et al. 2013) as,

[ dlog,gmaoo Nirp n(maoo) b [maoo. 2]

[ dlog,gmao0 Nirp n(mago)

ber = (2)
where Nirp is the mean number of LRDs that are hosted in halos of
mass mogp, n(mpygo) is the number density of DM halos with mass
mogo, and by, [mago(mpu), z] is the standard halo bias for which we
use Tinker et al. (2010) via COLOSSUS (Diemer 2018). Equation (2)
is given in terms of the halo mass, but under a change of variables,
one can derive the effective bias in terms of the LRD mass function
as a function of mpy, instead of the halo mass function:

dlogigm
[ dlog,g maoo $Lrp(MmEH) #ﬁjm;; by [maoo, 7]

3

b
off dlogyp mpn

[ dlog,y maoo $Lrp(MmEH) TTog10 200

where ¢ rp (mpH) = dnirp/d 108, men is our LRD mass function,
either the power-law fit or the full model. Physically, the effective
bias is the number density weighted average quantity of the large
scale LRD clustering strength. Since the halo bias is a monotonically
increasing function with mqg, beg 18 a direct probe of the underlying
halo environment of LRDs.

We evaluate the mass integrals over the range of our BH masses
from Fig. 1. To get a first approximation to beg, we use a power-law
fit to ¢rrp(mBH) = Amg,,, where we pick three fiducial values of
log;y A and « that represent the solid black and dashed black gray
lines in Fig. 1; specifically we use {log;, A, a} = {2.22, -0.9} for the
central fit and {log,y A, a} = {1.34,-0.92} and {0.27,-0.47} for
the 1-sigmarange. These three fiducial parameter choices yield befg =
(3.81, 3.86, 5.67). These results are shown in Fig. 2, and we overlay
the halo bias by, [mago (mpH), z] from Tinker et al. (2010) in red. In
order to determine the characteristic mass scale, m;'(’)?f for these val-
ues of beg, we numerically solve by, [mg'(‘)f)r(mBH), z] = begt, and we
find m$har = (3.67 x 101° Mo, 3.86 x 10'°0 My, 1.82 x 10" Mo)

200
for the three values of b.g respectively. These three power-laws span



The Clustering of Little Red Dots from Ultra-Strongly Self-Interacting Dark Matter 3

alarge degree of the uSIDM parameter space, and thus the sensitivity
to the slope of the LRD mass function and the implied characteristic
mass scale. Therefore, even with a simple power-law fit, the implied
mzk(‘)?)r of LRDs fall on the low-to-moderate halo mass range compared
to high-redshift luminous quasars as can be seen by the orange and
blue bands which are the inferred mass ranges by the single LRD
within an overdensity of eight galaxies in Schindler et al. (2025)
and the mock-clustering simulations of JWST fields by Pizzati et al.
(2025) respectively.

Equation (3) for b works for a direct one to one mapping be-
tween mpy and moqo, i.€., for a fixed Adeqq. But in general we sample
from a log-normal distribution in Aegq, thus we need to sample the
integral. To do this, we employ a Monte Carlo procedure which sam-
ples from the distributions of mpy and mygo for our full LRD mass
function which includes the modeled distribution of accretion and
merger histories. Specifically, we take N = N, samples with Monte
Carlo weights w; which randomly select from the final sample of
BH masses and halo masses that survive the luminosity cutoff (see
Roberts et al. (2025a) Section 3.2):

N,
2 wibp [mago,is 2

Zl{\jmc w;

, “)

befr =

where w; = woepc and wy = Ir(feed

number density of seeds:

such that ngeeq is the original

logio m%‘g‘ dNHalo
Nseed = o dlosm dlog;q maoo ,
log; miin 0810 1200
dN, . . . .
where ——Hale__ ig the halo mass function, for which we use Tinker
dlogjg maoo

et al. (2008). Our mass range for the halos is 107-5-10'15 Mg as
these are in the range of most efficient core-collapse within uSIDM
(Roberts et al. 2025c¢). In practice, this weighting procedure accounts
for the intrinsic scatter in the black hole mass to halo mass relation in-
troduced by our stochastic Eddington ratios. As a result, our full mass
function clustering prediction incorporates a more realistic mapping
between LRDs and their host halos.

In Fig. 3, we plot beg from our full mass function for each of the
three examples in Fig. 1, for which we find beg = (4.54, 4.52, 4.49).
These three models were found in (Roberts et al. 2025a) to bracket
the observed LRD mass function. From these values of b, we find
m%%r ~ 8 x 10'° M, across our model curves. Given that by is
consistent to within 1%, this implies that the bias and hence char-
acteristic mass of LRDs are relatively insensitive to the underlying
particle physics, making this a robust prediction of the uSIDM sce-
nario. This value of b.g tells us that LRDs inherently are a different
population than high-redshift quasars, which have a much larger bias
and characteristic mass scale, as seen by the orange and blue regions
in the figure. Therefore, our result is in tension with the mass scale
derived in Schindler et al. (2025) - but is consistent with the low-mass
and low-duty cycle forecast performed by Pizzati et al. (2025) and
the faint AGNs analyzed by Arita et al. (2024) and Lin et al. (2025).

4 SUMMARY AND CONCLUSIONS

In this Letter, we use a model for the LRD mass function result-
ing from early core-collapse in scenarios where a fraction of the dark
matter is ultra-strongly self-interacting to calculate the effective clus-
tering bias, beg, and characteristic mass scale, m%?)‘, of LRDs seeded
by uSIDM. We find that both an approximate power law fit to the
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Figure 1. Here we reproduce Fig. 2 (right) from Roberts et al. (2025a). The
uSIDM LRD mass function (colored dots) for different uSIDM parameters is
shown. The uSIDM results are plotted against the SIDM simulation results
from Jiang et al. (2025) (shaded red), and the LRD mass function data points
from Kokorev et al. (2024) (red diamonds). The red diamonds are the derived
BH masses, assuming Agqg = 1; for lower accretion rates these would shift
to larger BH masses as depicted by the horizontal lines which extend down
to Aggg = 0.1. The simulations for the red shaded region assume epc = 1
whereas we assume epc = 0.01.
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Figure 2. Here we show the range of b.g from the three power-law fits to
the uSIDM LRD mass function, 3.81 < beg < 5.67 (gray shaded region),
overlaid onto the Tinker et al. (2010) halo bias function (red line). We find a
rough scale for m%%’ tobe (0.4 — 1.8) x 10! M. We also show the inferred
mass range from Schindler et al. (2025) in shaded orange, with the median
inferred value as the dashed orange vertical line. In blue we plot the various

cases explored by Pizzati et al. (2025).

mass function and a full Monte Carlo sampling of the astrophysical
parameters (the accretion and merger rates) are in rough agreement
with the predicted LRD clustering. We also find that b is insensitive
to the underlying particle physics, and hence, our model predictions
are robust across the relevant parameter space. While it does not di-
rectly constrain the underlying particle parameters, beg is a uniform,
consistent prediction from generic uSIDM seeding LRD formation,
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Figure 3. Here we show b.g from the three representative full uSIDM LRD
mass function curves. We find that the full mass function yields b.g values
that are very nearly insensitive to the underlying particle physics. They all

yield beg ~ 4.5 and thus mggz‘)‘ ~ 8 x 10'0 M. To show the small deviations
in beg, we zoom into bias values between 4 and 5.5. As in Fig. 2, we plot the
inferred mass regions from Schindler et al. (2025) in orange and Pizzati et al.
(2025) in blue. We find that we are consistent with the low mass and low duty

cycle case in Pizzati et al. (2025).

and is thus an excellent observational test of this model. Based on
the uSIDM value of beg ~ 4.5 and hence m%%r ~ 8% 100 My, we
infer that LRDs in this scenario would represent a distinct population
inhabiting lower-mass halos than high-redshift quasars. Thus, our
model predictions are consistent with characteristic masses inferred
by faint AGN analysis by Arita et al. (2024) and Lin et al. (2025),
as well as the low-mass low-duty cycle scenario explored by Piz-
zati et al. (2025). This distinct prediction is falsifiable and therefore
constitutes a clear observational test of the uSIDM seeded LRD for-
mation scenario and can be tested with upcoming JWST surveys. This
is, to our knowledge, the first quantitative prediction of the clustering
of LRDs, from a formation scenario that maps consistently onto the
LRD mass function.

While we have focused on uSIDM seeded LRD formation, it is
worth emphasizing that different physical production mechanisms of
BH seeds generically predict different values for b.g, due to their
distinct assumptions about the mapping between black hole mass
and host halo mass, including effects from the concentration-mass
relation, uncertainties on initial seed masses, and the subsequent
growth history, which together determine the mpy to mygg relation.
A systematic comparison of b.g predictions across different LRD
formation channels is therefore an important and exciting avenue for
future theoretical work.

In light of this, while our model produces an initial prediction, we
can generalize the uSIDM model to include other effects to refine the
predicted LRD number densities and the uSIDM mpy — mpqo rela-
tion, such as adding dark Bondi accretion to our seed growth (Feng
et al. 2025), testing different log-normal distributions for Eddington
accretion rates, different duty cycles, different luminosity cut offs,
different BH merger scenarios, and N-body simulations of uSIDM.
These extensions may allow us to model LRD growth and abundance
more self-consistently, and potentially tighten the mapping between
BH and halo mass. With these future refinements, we may also be
able to predict the clustering redshift evolution as more LRDs are
found at different redshifts. Because LRD clustering is a tracer for
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early BH formation, growth, and feedback, these measurements may
help us to discriminate between heavy and light seed scenarios, and
thereby give insight to the physical origin of LRDs.
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