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Abstract

We estimated radiative efficiency, spin and supermassive black hole (SMBH) mass values for sample of 33 distant
low luminosity active galactic nuclei (AGNs). The distribution of the estimated spin values (majority of objects
have a spin greater than 0.8) is fairly typical for many types of AGNs. The dependence of the estimated spin
values on the estimated SMBH masses shows strong correlation between them, which suggests a rapid increase in
spin with mass, i.e., that the main mechanism of mass growth in this case is disk accretion. We did not find any
significant qualitative differences in the spin characteristics between our objects and objects of other types

considered in the paper.
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1. Introduction

Low-luminosity active galactic nuclei (LLAGNSs) represent
a significant population of active galaxies, characterized by
faint emission compared to classical quasars or Seyferts
(Ptak 2001; Fernandez-Ontiveros et al. 2012). These faint
systems challenge traditional selection techniques—optical
emission lines become difficult to detect against host-galaxy
light, and dust obscuration further hampers identification
(Ho 2008). Building on the well-characterized population of
LLAGNs in the nearby universe, James Webb Space
Telescope’s (JWST’s) near-infrared spectroscopy now enables
us to extend LLAGN studies into the epoch of peak cosmic
star formation and beyond (Merloni & Heinz 2008). Distant
LLAGNS probe a regime of supermassive black hole (SMBH)
growth that is largely unexplored at high redshift. Recent
JWST observations from the JADES survey have uncovered
34 broad-line active galactic nuclei (AGNs) in the redshift
range 1.5 < z < 9 with bolometric luminosities down to
10¥ ergs™', revealing sub-Eddington accretion in low-mass
host galaxies and hinting at an early emergence of local black
hole—galaxy scaling relations (JuodZbalis et al. 2025).

In Su et al. (2017) authors showed that the spin
(dimensionless rotation parameter) of the SMBH in LLAGNs
can play a significant role in determining their physical
properties and observational manifestations. In this work we
decided to estimate the spin values of LLAGNSs, perform a
statistical analysis and compare the results with other types
of AGNSs.

2. Analysis of Initial Sample

We took the initial sample of 34 distant LLAGNs from
JuodZbalis et al. (2025). Based on the results of the initial

analysis, we decided to exclude the object GS-179198 from
consideration due to very large errors in determining the
SMBH mass and bolometric luminosity. The list of objects and
their physical parameters can be seen in Table 1.

We can see the distribution of the cosmological redshift for
the initial sample in Figure 1. The distribution appears to be
close to log-normal, so we can conclude that there are no
significant differences from a random distribution.

Figure 2 shows the distribution of the SMBH mass for the
initial sample. This distribution also looks somewhat similar to
log-normal, but has a pronounced peak in the area of
7.0 < log(Mgy /M) < 7.5 which is most likely due to the
method of selecting objects in JuodZbalis et al. (2025).

Figure 3 demonstrates the distribution of the bolometric
luminosity for the initial sample. It has a pronounced peak in
the area of 44.0 < log(Lyy[erg s™!]) < 44.5. This is appar-
ently due to the nature of the mass distribution.

In Figure 4 we can see the distribution of the Eddington ratio
Ig = Lpo1/Lgag (Where Lgqq is the Eddington luminosity) for the
initial sample. All objects have sub-Eddington luminosity with a
peak in the region of —1.0 < log(lg) < —0.75. It can be
assumed that for objects of this type (distant LLAGNS) this is
the most typical value.

And finally, Figure 5 shows the dependence of the bolometric
luminosity on the SMBH mass for the initial sample. Solid line
represents Eddington luminosity as a function of SMBH mass
log(Lgqq) = log(Mgy /M) + 38.11. Bolometric luminosity
and SMBH mass show strong correlation (Pearson correlation
coefficient is 0.83). Linear fitting gives us: log(Ly, [erg s™'))=
(0.73 £ 0.09)log(Mpy /M:))+(39.04 £+ 0.64). It can be
noted that a similar dependence, for example, for red
quasars, obtained by us in Piotrovich et al. (2024) shows a
little stronger dependence of luminosity on mass in the form of
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Table 1
Table Shows Object Name, Cosmological Redshift z, SMBH Mass Mpy; and Bolometric Luminosity Lo (in erg s™') from Juodzbalis et al. (2025) and Results of our
Estimations: Inclination Angle i (in degrees), SMBH Mass My, Radiative Efficiency ¢ and Spin Value a

MBH M*BH

Object z log M log Lol i log ., 15 a
GS-30148179 5.922 7.12 44.25 30 7.12 0.108 0.736
GS-10013704 5.919 7.44 44.29 30 7.44 0.211 0.970
GS-210600 6.306 7.41 44.29 30 7.41 0.197 0.958
GS-209777 3.709 8.90 45.42 55 8.47 0.241 0.984
GS-204851 5.480 7.68 44.97 30 7.68 0.135 0.852
GS-172975 4.741 7.25 44.07 30 7.25 0.192 0.954
GS-159717 5.077 7.44 45.13 30 7.44 0.062 0.162
GS-159438 3.239 6.47 44.11 25 6.62 0.045 —-0.452
GN-77652 5.229 6.62 44.11 30 6.62 0.042 —-0.624
GN-73488 4.133 7.83 4522 30 7.83 0.134 0.848
GN-62309 5.172 6.29 43.56 30 6.29 0.049 -0.262
GN-61888 5.874 7.04 44.38 30 7.04 0.073 0.384
GN-53757 4.447 7.33 44.29 30 7.33 0.164 0.918
GS-49729 3.189 7.67 44.83 30 7.67 0.161 0.912
GS-38562 4.822 7.51 44.70 30 7.51 0.134 0.848
GN-38509 6.678 8.57 44.84 55 8.14 0.253 0.988
GN-29648 2.960 6.81 43.90 30 6.81 0.092 0.618
GN-28074 2.259 8.55 45.76 35 8.43 0.238 0.984
GN-20621 4.682 7.05 44.17 30 7.05 0.104 0.710
GS-17341 3.598 6.76 44.01 30 6.76 0.068 0.294
GS-13329 3.936 6.86 44.11 30 6.86 0.074 0.400
GN-11836 4.409 6.96 44.11 30 6.96 0.093 0.626
GS-9598 3.324 6.48 43.85 30 6.48 0.047 -0.354
GS-8083 4.753 7.10 44.03 30 7.10 0.145 0.880
GN-2916 3.664 7.05 43.91 30 7.05 0.157 0.906
GN-1093 5.594 7.14 4432 30 7.14 0.101 0.690
GN-954 6.759 7.70 45.17 30 7.70 0.107 0.730
GS-200679 4.547 6.19 43.63 25 6.34 0.052 —-0.142
GN-23924 1.676 7.22 43.61 35 7.10 0.267 0.992
GS-20057765 8.913 7.33 44.16 30 7.33 0.201 0.962
GS-20030333 7.891 7.42 44.44 30 7.42 0.161 0.912
GS-164055 7.397 7.63 4421 35 7.51 0.259 0.990
GN-4685 7.415 7.36 44.13 30 7.36 0.225 0.978
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Figure 1. Distribution of the cosmological redshift for the initial sample. Figure 2. Distribution of the SMBH mass for the initial sample.
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Figure 3. Distribution of the bolometric luminosity for the initial sample.
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Figure 4. Distribution of the Eddington ratio for the initial sample.

log(Lyollerg s7']) = (0.88 + 0.12)log(Mgy /M) + (38.82+
1.05). For comparison, we also provide data for local AGNs
(mostly Seyfert galaxies) from Piotrovich et al. (2022) for which
linear fitting gives us log(Lyo[erg s = (1.19 + 0.08)log
(Myy /M..))+(35.57 & 0.57).

3. Method for Estimating Spins

The spin of a black hole can be estimated by evaluating the
radiative efficiency e(a) of its accretion disk, which is directly
influenced by the black hole’s spin value (Bardeen et al. 1972;
Novikov & Thorne 1973; Krolik 2007; Krolik et al. 2007) (see
Figure 6). Radiative efficiency is defined as € = Ly /(Mc?),
where Ly, represents the bolometric luminosity of the AGN or
quasar, and M is the mass accretion rate. The efficiency is
expected to lie within the range 0.039 < e(a) < 0.324,
corresponding to spin values of —1.0 < a<0.998
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Figure 5. Dependence of the bolometric luminosity on the SMBH mass for the
initial sample, for the sample of red quasars from Piotrovich et al. (2024) and
for the sample of local AGNs from Piotrovich et al. (2022).
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Figure 6. Radiative efficiency coefficient as a function of the spin value.

(Thorne 1974). Negative spin values indicate ‘“retrograde”
rotation, where the accretion disk and the black hole rotate in
opposite directions.

Radiative efficiency is influenced by several factors,
including the mass of the SMBH (Mgy), the inclination angle
i between the observer’s line of sight and the normal to the
accretion disk, and the bolometric luminosity (L) (Davis &
Laor 2011; Raimundo et al. 2012; Du et al. 2014,
Trakhtenbrot 2014; Lawther et al. 2017). These estimates are
based on statistical analyses of observational data and rely on
the Shakura—Sunyaev accretion disk model (Shakura &
Sunyaev 1973). It should be noted that the Shakura—Sunyaev
model is not ideal and has shortcomings. However at the
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moment, generally speaking, there is no better model and most
authors use it. Thus, we use the Shakura—Sunyaev model in
order to be able to use results and methods of other authors and
to compare our results with the results of other authors (and
our previous results). Given that we are studying extremely
distant objects, we adopt the model presented in Trakhtenbrot
(2014), which was specifically developed for such cases

(@) = 0.073( Lo A
- 10% erg s=! J\ 10% erg s~!

4400 A\ 2 L5
x (k) M, ()
where L, is the optical luminosity (at 4400 A), Mg = ,1(;43?;“

and p = cos(i).

Determining bolometric correction factors—used to derive
the luminosity at a specific wavelength from the bolometric
luminosity—is a complex task. Values reported in the
literature can vary by a factor of 2-3 (Richards et al. 2006;
Hopkins et al. 2007; Cheng et al. 2019; Netzer 2019; Duras
et al. 2020). The use of bolometric corrections is not a very
accurate method. However, it is not possible to apply more
accurate methods to our current objects. In this study, we adopt
for consistency with our previous work the definition of optical
luminosity L,y from Hopkins et al. (2007)

—0.37 —0.012
Lot :6.25( L'“’Ll ) +9.0( L o ) . @

opt

where L, is the Sun luminosity.

Accurately determining the inclination angle i from
observational data remains a challenging and unresolved
problem. It is common practice to assume a fixed average
value for i (usually around 30°-40°). In this work, however,
we adopted a more adaptive approach: for each object, we
initially assumed an average inclination of i = 30°. If this
value did not yield a physically meaningful result through our
numerical method, we systematically adjusted the angle in
increments of 5°—both lower and higher—until a valid
solution was obtained.

The estimated mass of an SMBH depends on the inclination
angle i, as the commonly used mass determination methods
rely on the relation (Decarli et al. 2008)

_ Rgpir ViR 3)

where Rg R is the characteristic radius of the broad-line region
(BLR) in the accretion disk, Vg is the typical velocity of
accreting matter within the BLR, and G is the gravitational
constant. The velocity Vg r can be inferred from observations
—for instance, by measuring the full width at half maximum
(FWHM) of the HJ spectral line

VLR = f x FWHM(HP). “)
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f1s the coefficient related to the geometry of the accretion disk
that is equal to (Decarli et al. 2008)

-1
f= (2 (%)2 + sinzi) ) 5)

Here H/R is the ratio of the thickness to the radius of the disk.
For our objects we assume geometrically thin disks, so H/
R < 1 and

1
~ . 6
f 2sini ©

We can estimate Rgyr using the method from Bentz et al.
(2013)

log(RgLr/1 lt-day) ~ 1.5
+0.5log(Ls100/10%* erg s71), 7)

where Lsjoo is luminosity at 5100 A. We used bolometric
correction for luminosity at 5 100 A from Richards et al.
(2006): log(Lyo [erg s™'1) = log(Lsigo [erg s~'T) + 1.01.

In the process of estimating radiative efficiencies for
different values of inclination angle we for self-consistency
estimated new mass values M3y (Equation (3)), considering
that masses from Juodzbalis et al. (2025) were obtained for
i ~ 30°.

The spins were estimated numerically using the technique
from Bardeen et al. (1972) (see Figure 6)

3/2 1/2
Ri¥co — 2R + lal

el =1-—57—57 1/2 :
RicoRisco — 3R1ééo + 2lal)'/?

®)

Here Risco is the radius of the innermost stable circular orbit
that depends on the spin value

Risco(@) =3 + Zy £ [(3 — Z)(B + Z1 + 2Zy)]'/2,
Zi=1+ 1 -a)Pl+ )3+ 1 - a),
Z,=(@3a*> + Z1)'/2, )

where “= is refers to a >0, and “+” to a < 0.

4. Analysis of the Obtained Data

We estimated radiative efficiency, spin and new SMBH
mass values for our sample of objects. The results are
presented in Table 1. It should be noted that our estimates
cannot be considered as exact values for each individual
object. Rather, these results have statistical significance for the
entire sample of objects as a whole. Also inclination angle
values in this case should be considered as a lower estimate.

Figure 7 shows the normalized distribution of the estimated
spin values. It can be seen that the majority of objects have a
spin greater than 0.8. This distribution pattern is fairly typical
for many types of AGNs: distant quasars (Trakhtenbrot 2014),
Seyfert galaxies (Afanasiev et al. 2018; Piotrovich et al. 2022),
red quasars (Piotrovich et al. 2024) and other types (Daly 2019;
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Figure 7. Normalized distribution of the estimated spin values for our sample,
for the sample of red quasars from Piotrovich et al. (2024) and for the sample
of local AGNs from Piotrovich et al. (2022).
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Figure 8. Distribution of the estimated SMBH masses.

Reynolds 2021; Azadi et al. 2023). From this we can suggest
that our objects in this regard apparently do not have
significant differences from most objects of other types.
Figure 8 presents the distribution of the new estimated
SMBH masses. This distribution is practically no different
from the initial one (Figure 2), since for most objects our
method gave a physically meaningful result at the standard
inclination angle of 30°. However, that does not mean that
these objects actually have these exact inclination angles. The
most that can be said is that the real angles do not differ much
from 30°, which is generally expected for objects of this type.
In Figure 9 we can see the dependence of the estimated spin
values on the cosmological redshift. In this case, there is no
noticeable correlation between spin and redshift (Pearson
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Figure 9. Dependence of the estimated spin values on the cosmological
redshift.
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Figure 10. Dependence of the estimated SMBH masses on the cosmological
redshift.

correlation coefficient is 0.16). Thus, we do not observe a
noticeable increase in spin over time, which is observed, for
example, for ultraluminous distant AGNs (Piotrovich et al.
2025). It can be assumed that in this case it is connected with
the selection bias in the initial sample. This is due to the fact
that, first, the set of our objects is quite small and, second, all
our objects are very distant and have a fairly small range of
redshift values.

Figure 10 shows the dependence of the estimated SMBH
masses on the cosmological redshift. There is also no
noticeable correlation between SMBH mass and redshift
(Pearson correlation coefficient is 0.09). A similar dependence
for ultraluminous AGNs gave a noticeable anti-correlation
(Piotrovich et al. 2025) (i.e., the SMBH masses grow
noticeably over time). Apparently, this is also related to the
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Figure 11. Dependence of the estimated radiative efficiency on the estimated
SMBH masses. Solid line is linear fit for the sample from Davis &
Laor (2011).

selection bias, since in the original sample, objects were
selected based on their low luminosity.

Figure 11 presents the dependence of the estimated
radiative efficiency on the estimated SMBH masses. There
is strong correlation between radiative efficiency and SMBH
masses (Pearson correlation coefficient is 0.75). Linear fitting
gives us log(e) = (0.35 %+ 0.06)log(Mpy /M) — (3.49 & 0.41).
We can compare this result with the result from Davis &
Laor (2011) (see Figure 9 from their paper). Written in a
similar way to our result, it looks like this: log(e) =~
0.52log(Mgy /M) — 5.21. In Davis & Laor (2011) the
objects have a much wider range of radiative efficiency
values than our objects. There are objects with both larger
and smaller values. As a result the slope of the linear fit is
larger, but it is located below ours. In our set of objects,
there are no small values of radiative efficiency, most likely
due to the selection bias. These are extremely distant
objects, and at very small values of radiative efficiency,
they become too weak. There are also no large values in our
sample, since low luminosity objects were initially
selected.

Figure 12 presents the dependence of the estimated spin
values on the estimated SMBH masses. There is strong
correlation between them (Pearson correlation coefficient is
0.72). Linear fitting by least squares method gives us
a = (0.65 + 0.11)log(Mgy /M) — (4.12 + 0.82). Thus, we
observe a rapid increase in spin with mass, from which we can
suggest that the main mechanism of mass growth in this case is
disk accretion, which effectively spins up the SMBH. In our
work Piotrovich et al. (2024), we obtain a very similar (within
error limits) relation for red quasars. It should be noted that for
distant ultraluminous AGNs spin increases more slowly with
mass (Piotrovich et al. 2025), however, this is most likely due
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Figure 12. Dependence of the estimated spin values on the estimated SMBH
masses for our sample, for the sample of red quasars from Piotrovich et al.
(2024) and for the sample of local AGNs from Piotrovich et al. (2022).

to the selection bias, as well as the fact that among those
objects, a higher percentage have a spin greater than 0.9 (i.e., it
could be a saturation effect).

5. Conclusions

We estimated radiative efficiency, spin and SMBH mass
values for a sample of 33 distant LLAGNSs.

The dependence of the bolometric luminosity on the
SMBH mass for the initial sample shows strong correlation
in a form of log(Ly [erg s™')= (0.73 % 0.09)log(Mpy /M.)) +
(39.04 £ 0.64). At the same time a similar dependence for red
quasars obtained by us in Piotrovich et al. (2024) shows a
somewhat stronger dependence of luminosity on mass.

The distribution of the estimated spin values (majority of
objects have a spin greater than 0.8) is fairly typical for many
types of AGNs. Thus we can suggest that our objects in this
regard do not have significant differences from most objects of
other types.

The dependence of the estimated spin values on the estimated
SMBH masses shows strong correlation between them in a form
of a = (0.65 £ 0.11)log(Mgu /M) — (4.12 & 0.82). That is,
we observe a rapid increase in spin with mass, from which we
can suggest that the main mechanism of mass growth in this
case is disk accretion, which effectively spins up the SMBH. For
example, in our work Piotrovich et al. (2024) we obtain a very
similar relation for red quasars. For distant ultraluminous AGNs
spin increases more slowly with mass (Piotrovich et al. 2025),
however, this is most likely due to the selection bias, as well as
the fact that among those objects, a higher percentage have a
spin greater than 0.9 (i.e., it could be a saturation effect).

We did not find any significant qualitative differences in the
spin characteristics between our objects and objects of other
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types considered in the paper. Of course, the results of this
study cannot be considered exhaustive. Further studies with a
larger number of objects and with more qualitative and
extensive observational data are required (in particular, for a
more accurate determination of the bolometric luminosity of
objects).
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