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The nature of dark energy remains one of the most profound mysteries in modern cosmology. One intriguing
proposal is that black holes (BHs) could be the astrophysical source of dark energy through a/cosmological
coupling mechanism, and strong evidence has been claimed via analyzing the growth of the black hole masses
in the red-sequence elliptical galaxies at redshifts < 2.5. In this work, with a group of very high redshift AGNs
detected by the James Webb Space Telescope (JWST) in the red-sequence elliptical galaxies, we show that
the possibility of BHs being the astrophysical source of dark energy has been rejected at a confidence level
exceeding 100, Moreover, it turns out that the Little Red Dots recently discovered by JWST, characterized by
the low accretion rates, can naturally evolve into the red-sequence elliptical galaxies hosting the relatively low
mass black holes at the redshifts of ~ 0.7 — 2.5, without the need of black hole cosmological coupling.

Introduction— Dark energy is believed to be the driving
force behind the accelerated expansion of the universe [1, 2],
but its nature remains elusive [3, 4]. Various models have been
proposed to account for the dark energy, including the cos-
mological constant [1, 2], the scalar field [5, 6], quintessence
[7, 8], phantom [9], quintom [10, 11], modified gravity [12],
coupled dark energy scenarios [13, 14], and so on.

A recent intriguing idea is that black holes, particularly stel-
lar remnant black holes (BHs), could be the astrophysical ori-
gin of dark energy through a cosmological coupling mecha-
nism [15-17]. This mechanism can be realized through non-
singular black holes embedding with the cosmological back-
ground [18-22] (see, however, Ref. [23-26]). According to
this hypothesis, the mass of BHs would grow with the cosmic

scale factor a as Mgy(a) = Mgu(a;) X (aﬂ)k where k is the cos-
mological coupling strength [17]. If £ ~ 3, the BHs contribute
as a cosmological dark energy species. The strength k = 0, in-
stead, represents the absence of coupling between black holes
and the accelerated expansion of the universe. A preferential
growth channel for supermassive black holes inred-sequence
elliptical galaxies found by Farrah et al. [16] gave strong cos-
mological coupling evidence with a strength k£ = 3.09 + 0.76
[17]. Moreover, the astrophysical black holes produced dur-
ing the process of star formation can meet the cosmological
dark energy density proportion of Qs = 0.68 through cosmo-
logical coupling, without violating the existing limits of the
abundance of the massive compact halo objects (MACHOs)
[17].

As the astrophysical origin of dark energy, cosmologically
coupled black holes may play some key roles. For instance,
the cosmologically coupled mass growth of black holes can
solve the low mass gap problem [27] and provide a potential
candidate for the time-evolving dark energy source that nat-
urally explains the recent baryon acoustic oscillation (BAO)
measurements by the Dark Energy Spectroscopic Instrument
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(DESI) [28]. The cosmologically coupled BHs can fit well
with BAO data with a peaked positive summed neutrino mass
Zm, = 0.106, which is in good agreement with lower limits
from neutrino oscillation experiments [29]. These objects can
provide anisotropic dark energy [30] that has also received
widespread attention [31, 32].

Dedicated tests have been carried out but the conclusions
are controversial. In some works, the cosmological cou-
pling is favored. For instance, Cadoni et al. [33] reached
the same conclusion as Ref.[16] based on similar data. The
gravitational-wave background (GWB) from SMBHs mea-
sured by pulsar timing arrays favors the strong coupling
strength k = 3 [34]. A strong coupling strength k > 2 is pre-
ferred by comparing the GWB spectral index of SMBH merg-
ers and the current GWB measurements [35]. While in some
other works, the cosmological coupling is not supported. For
example, Andrae and El-Badry [36] found that the probability
of the non-cosmological coupling was 77% from Gaia obser-
vations. The high-redshift AGNs observed by JWST tend to
suggest the absence of cosmological coupling [37]. The min-
imal formation mass of the BHs in the GWTC-3 gravitational
wave observations disfavors the cosmological coupling model
at 20 level [38]. A non-coupling BH population is favored
with stellar-mass BHs in X-ray binaries using their masses
and ages [39]. The strongest constraint comes from the study
with the mass function of black holes in the globular cluster
NGC 3201, for which there was only a probability of 10~* for
the BHs’ cosmological coupling [40], i.e., such a possibility is
disfavored at a confidence level of 3.80. Anyhow, a decisive
constraint at a confidence level above 5S¢ is still lacking.

In this work, different from the previous approach with a
rather limited host mass range [37], we take the significantly
increased sample of very high-redshift AGNs and quasars de-
tected by the JWST to assess the viability of BHs as the
source of dark energy by the cosmological coupling. The
cosmological parameters used in this work include Hy, =
67.36kms™! Mpc™!, Q,, = 0.3135 and Q4 = 0.6847 [41].
Our main finding is that such a possibility has been rejected
at a confidence level of ~ 110~. We also show that the little
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red dots (LRDs) recently discovered by JWST can naturally
evolve into the red-sequence elliptical galaxies at the redshifts
of ~ 0.7 — 2.5, which further weakens the black hole dark
energy hypothesis.

Data— JWST is well suitable to measure high redshift ob-
jects, and these data have been widely adopted to test the mod-
els of dark energy or dark matter [42—46].

The high-resolution spectra of JWST have been widely
adopted to search for AGNs, as their significant broad emis-
sion line features can be used to calculate black hole mass
[47-49]. The JWST’s highly sensitive photometric camera
can also provide high quality images to separate the host
galaxies of AGNs [50, 51].

The mass of black holes coupled with cosmology will
evolve significantly with redshift. In this theory, the mass of
black holes in AGNs will show noticeable growth indepen-
dent of the host galaxy over time, while the stellar mass of
red-sequence elliptical galaxies will not change much during
evolution [15, 17]. Therefore, to examine the mass growth
patterns caused by the cosmological coupling of black holes
in AGNs, we select samples of sufficiently old host galaxies
[16]. The red-sequence elliptical galaxies can ensure that the
mass of the host galaxies remains relatively constant during
prolonged evolution [16, 37]. The higher the redshift, the
more pronounced the redshift evolution of supermassive black
hole mass relative to the mass of the host galaxy, but high-
redshift red-sequence elliptical host galaxy AGN samples are
very rare.

Due to sample size limitations, previous work using
JWST’s AGN samples to test cosmologically coupled black
holes only filtered sources meeting certain conditions [37]. As
shown in Refs. [50, 52, 53], the low-luminosity group of AGN
observed by JWST has a significantly higher black hole mass-
to-stellar mass ratio than the high-luminosity group. These
low stellar mass samples may introduce biases when testing
the cosmological coupled black hole theory [37]. Therefore,
in this work, we select the bright, high stellar mass quasars
observed by JWST to avoid biases from the low luminosity
population.

Among the numerous AGNs observed by JWST, more than
10 host galaxy stellar masses exceed 4 x 10'° solar masses
[47-50, 54], making these samples suitable for testing cosmo-
logical coupled black hole theories.

To avoid the effects of accretion growth of black holes, star
formation, and other factors on the redshift evolution of the
relationship between supermassive black hole mass and host
galaxy stellar mass, the selected sample meets the following
conditions [16, 17, 37]:

e Redshift: We select the AGNs at high redshift z > 2.0.
As listed in Table I, we selected the sample in a range
of 20 <z<7.

e Dust Extinction: We select the blue AGNs with

E(B-V)<05.

e Host type: Following Farrah et al. [16, 17], we select
the red-sequence elliptical host galaxies without struc-
tures like shells, spiral arms or disks in their images.

e Stellar mass (M, ): Same as Farrah et al. [16, 17], we
select the sample with host stellar masses higher than
4 x 10''M,,

e Star Formation Rate (SFR): Following Lei et al. [37],
we select the AGN host galaxies that are below the
SFR — M, main sequence relationship yspg and the in-
trinsic scatter dsgr at the redshift of the source.

The SFR — M, main sequence relationship at z ~ 0 — 6 is
adopted from Speagle et al. [55], while for the redshift range
of z ~ 6 — 10 we use the relationship suggested by the JWST
data [56]. The SFRs of AGN host galaxies are estimated using
He narrow emission line.

The sample with low-dust extinction E(B — V) < 0.5 is
selected as blue quasars. We adopt a conversion factor of dust
extinction Ay /E(B — V) = 4.05 [53]. In Harikane et al. [53],
the extinction threshold for the high-redshift (z > 4) red AGN
sample is taken to be E(B — V) = 0.5. We also calculated
the distribution of extinction of the JWST red AGN sample in
Labbe et al. [60] and confirmed such a threshold.

Our AGN sample of red-sequence elliptical host galaxies is
summarized in Table I. The black hole mass and the stellar
mass of the host galaxies of our selected sample are shown in
Figure 1, which are consistent with the samples of the local
universe.
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FIG. 1. Our selected AGNs and the local sample. The black line

shows the M, — Mgy fundamental plane relationship of local elliptical
host AGNs. The data points with error bars are the 12 selected AGNs
in this work from Refs. [47-51, 54, 57-59]. The circles in purple are
local quiescent elliptical AGNs from Farrah et al. [16]. The green
stars are two local AGNs in dwarf ETGs taken from Ben-Ami et al.
[61]. The blue dashed line represents the predicted relationship when
the cosmological coupling strength is set to k = 3.

Methods— The M, - Mpp fundamental plane is a well-
established empirical relationship [62—64]. It is based on the
observation that the mass of a supermassive black hole at the



TABLE I. The selected JWST AGN sample in this work.

1D redshift E(B-V) SFR (My/yr) log,,(M./My) log,, (Mgu/Ms) Reference

GN-9994014 532 <0.5°% 13.2+32 10.68 + 0.30 7.55 +0.07 [48]
GS-204851 548  0.02 214+8.1° 10.74 + 0.09 7.68 +£0.32 [49, 57]
J2236+0032 640  0.28 <100 ¢f 11.12 £ 0.40 9.13 £ 0.05 [47]
J0148+0600 598  0.35 299.6+749%% 11.08+0.50 9.98 +0.36 [50, 51]
J1030+0524 630  0.49 543.8+130.2°¢ 10.89 + 0.45 9.27 £ 0.35 [50, 51]
J1148+5251 642 036 311.1+77.7%¢ 11.66 +0.49 9.73 £ 0.35 [50, 51]
JO2184+0007 6.77  0.44 1.0+0.3¢d 1141 +£0.39 8.86 +0.35 [50, 58]
J0224-4711  6.52  0.44 10.7 £2.3 ¢¢ 11.92 +0.47 9.43 £ 0.35 [50, 58]
J0305-3150  6.61 0.43 < 100 ©&f 10.93 + 0.42 8.86 + 0.37 [50, 58]
J2232+2930 6.67  0.33 122 +£3.1¢¢ 10.96 = 0.41 9.35 £0.35 [50, 58]
COS-XQG1 2.09 0.21 1.5+0.2 11.20 = 0.06 8.43 +0.50 [59]
GN-72127 4.13  0.11 0.1+0.8 10.63 = 0.05 7.31+£0.21 [54]

4 Zhang et al. [48] did not provide an exact extinction value. We estimate this upper limit with the UV slope given by Zhang et al. [48]. As
shown in Figure 15 of Ref. [50], the dust extinction of AGN is Ay < 2.0 for the sources with UV slopes Syy < 1.35.

b The SFR is estimated with the luminosity of the narrow Ha line fitted in Ref. [57].

¢ The SFR values are estimated with the luminosity of the narrow Ha line. The narrow Ha line luminosity is converted from the narrow
Hp line luminosity by a factor Ly broad / Liranarrow = 3.05 (a statistical result of z > 5 AGNs [49]).

4 The luminosity of narrow Hp line is fitted by the Gaussian profile model in Ref. [51].

¢ The luminosity of narrow Hp line is fitted by the Gaussian profile model in Ref. [58].

' There is no significant narrow line was found. Thus we estimated an upper limit of SFR.

centre of a galaxy is correlated with the stellar mass of its
host galaxy. For the AGNs in the red-sequence elliptical host
galaxies, we have [37]

M,
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ey
where Mgy is the black hole mass and M, is the stellar mass
of the host galaxy. The errors are the 1o standard devia-
tions found in the fitting, and the 0.5 dex refers to the in-
trinsic scatter of the local sample shown in the grey region
in Figure 1. This relationship has been adopted to compare
the high-redshift AGNs with local samples. If there is a cos-
mological coupling between BHs and dark energy, we would
expect the intercept of this relationship to evolve with red-
shift. Given that our sample consists of host galaxies with
M, > 4 x 10'° My, the impact of observational biases is rela-
tively small.

To estimate the parameter k, we have the relationship of

pik) = 1.32 x log,o (572) = k X log;o(1 +2) - 5.86,  (2)

which likelihood reads [37]

()~ logo (M)
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1

3)

where My ; and o; are the observed BH mass and the error in-
cluding the uncertainties of Mpy; and M, ;, respectively. The
total error includes measured BH mass error (o ppy;), conver-
sion error (0 cony,;) from stellar mass and fundamental plane
intrinsic scatter oinginsic = 0.5 dex [37]

2 _ 2 2
wti = 9BHi T Tconv,i

2
0 + T intrinsic* (4)

The errors in our data are in the logarithmic space. Here, z;
denotes the cosmological redshift of the source.

Using the fundamental relationship between the stellar
mass of quasars and the black hole mass filtered from Table
I of the host galaxies, we can estimate the value of the cos-
mological coupling strength k using the Markov Chain Monte
Carlo method.

Result and discussion— Our analysis reveals that the high-
redshift AGN sample has BH masses that are significantly
higher than those predicted by the cosmological coupling
growth theory with k = 3. Indeed, the best-fit value of the
coupling strength parameter k is found to be

k =0.13 £ 0.27 (68% confidence interval), 5
which deviates from the value of k = 3 required for BHs to
serve as dark energy at a confidence level of * 110. In-
stead, it is remarkably consistent with the prediction of the
non-cosmologically coupled black holes (k = 0).

We conclude that the JWST high-redshift AGNs have con-
vincingly ruled out the possibility of BHs being the source
of dark energy. As shown below, these objects are likely the
descendants of the little red dots, a specific group of AGNs
in the high-redshift universe, recently discovered by JWST
[60, 65]. Compared to bright AGNs, the LRDs are character-
ized by their redder colors, lower masses, and lower accretion
rates [50, 66]. The Mgy — M, distribution of the LRDs are
shown as the black points with error bars in Figure 3.

LRDs may have strong star formation potential [57], but
their black hole accretion growth rate is very slow [50, 66],
and the peak in the number density redshift distribution of this
group of targets is at the redshift range of 5—8 [67, 68], which
is significantly different from the peak in the density distribu-
tion of ordinary bright AGNs (at redshift of 1 — 3, Ma et al.
[67]). As shown below, this provides a viable explanation for
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FIG. 2. Probability distribution function of the posterior of the cos-
mological coupling strength parameter k. The orange distribution
is our result inferred from the very high redshift AGNs detected by
JWST, which is significantly different from that found in Ref. [17]
and rules out the cosmological coupling model.
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FIG. 3. The evolution history of the JWST little red dots is con-
sistent with the evolution of the sample of AGNs with red-sequence
elliptical hosts. The selected z ~ 0.85 and z ~ 1.61 AGNs from Ref.
[17] are shown as red and blue points. The dashed contours in black,
blue and red show our simulated LRDs redshift z ~ 6, z ~ 1.61 and
z ~ 0.85. Three contours correspond to sample density levels of 0.05,
0.1, and 0.3, respectively. The black points with error bars are JWST
LRDs adopted from Ref. [50].

the evolution of the specific black hole population reported in
Ref. [17].

To explore whether LRDs could provide a natural astro-
physical explanation for the sample used in Ref.[17], we con-

ducted simulations of LRD evolution in the Mgy — M, plane,
as illustrated in Figure 3. Using the sample of LRDs observed
by JWST at z = 6 [50], we generated 1000 mock sources
whose stellar masses and black hole masses follow a two-
dimensional log-normal distribution consistent with the ob-
served properties of this population. We adopted the follow-
ing initial conditions based on JWST observations:

o Initial stellar masses are distributed as log,,(M/Ms) =
9.05 + 0.4 and black hole masses as log,,(Mgu/Mo) =
7.35+0.5, matching the observed LRD population [50].

o Star formation rates follow a relationship with stellar
mass that is consistent with measurements of JWST
LRDs: log,,(SFR/(Mp/yr)) = 0.7xlog,,(M4«/Mg)—5.3
with log-normal scatter of 0.8 dex [50, 55].

e Black hole accretion rates are assigned using the rela-
tion log,,(Mgn/(Mo/yr)) = log,((Mgu/Mos) — 9.0 with
log-normal scatter of 0.5 dex, consistent with observa-
tions [50, 69].

We then computed the growth of stellar masses and black
hole masses from z ~ 6 to z ~ 1.61, assuming constant
SFR values and constant black hole accretion rates during this
epoch. Given that the host galaxies of the COSMOS-selected
sample studied in Ref.[17] are already red-sequence elliptical
systems at z ~ 1.61, we assume that the host galaxies of LRDs
that evolve into these systems have effectively quenched their
star formation. However, we maintain their black hole accre-
tion rates at approximately constant values, consistent with
their initially low accretion rates.

During the subsequent evolutionary phase from z ~ 1.61
to z ~ 0.85, we therefore set the SFR values of the simu-
lated sample as SFR = 0 M, yr~! with log-normal scatter of
0.8 dex (the conclusion is unchanged if we still take the ini-
tial non-zero star formation rate), while maintaining the black
hole accretion rates at their previous levels.

After completing these evolutionary calculations, we se-
lected mock sources with the host galaxy stellar masses sat-
isfying M, > 4 x 10'°M,, matching the selection criteria of
Ref. [17]. The resulting distributions are plotted in Figure 3 as
dashed contours. Remarkably, the evolutionary trajectories of
LRDs produce distributions that closely match the properties
of the red-sequence elliptical galaxies [17].

As evident in Figure 3, when evolved to z ~ 1.61 (blue con-
tour), our simulated sources show excellent agreement with
the COSMOS AGN sample at the same redshift (blue points).
Assuming that these sources continue to evolve with quenched
star formation but sustained low-level black hole accretion,
they naturally progress to the distribution shown by the red
contour at z ~ 0.85, which closely corresponds to the observed
WISE sample at this redshift (red points).

Our simulation demonstrates that the little red dots cur-
rently observed by JWST can naturally explain the black holes
in the red-sequence elliptical galaxies at redshifts of 0.7 — 2.5
[17], without the need to introduce black hole cosmological
coupling, which provides an additional support to our conclu-
sion made at the beginning of this section.



Future observations with the JWST and other advanced
telescopes, such as the China Space Station Telescope
(CSST), Euclid and the ROMAN space telescope, will pro-
vide more detailed information on the coevolution of AGN
and their host galaxies, further promoting our understanding
of the growth of the supermassive black holes.
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